In the past few years, spiropyran has emerged as the molecule-of-choice for the construction of novel dynamic materials. This unique molecular switch undergoes structural isomerisation in response to a variety of orthogonal stimuli, e.g. light, temperature, metal ions, redox potential, and mechanical stress.
Introduction
For centuries, nature has awed scientists with its rich repertoire of materials and systems that can reversibly adjust their structure and properties in response to environmental stimuli. Wide-ranging examples include heat-shock response in bacteria, 1 camouflage in caphalopods and chameleons, 2 colour changes in echinoderms in response to light, 3 and avian flocking in the presence of a predator. 4 In sharp contrast, nearly all traditional man-made materials are static in both form and function, and only quite recently are synthetic materials chemists gradually shifting their attention to dynamic materials. [5] [6] [7] [8] [9] Such dynamic materials have multiple advantages over their static counterparts: selected properties of interest can be reversibly ''turned on'' and ''off '' at will and the ability to reconfigure these materials imparts upon them many uses. Emerging applications include ''smart'' windows for the construction of energy-efficient buildings, self-erasing (reusable) paper or self-healing coatings, to name just a few. Among the different forms of external inputs that can influence the state of a material, light has numerous advantages: [10] [11] [12] [13] [14] [15] [16] it can be delivered with high spatial and temporal precision, no chemical contaminants are introduced, closed systems can be actuated, and finally, light of specific wavelengths can be delivered. The last feature is of great value when photoswitchable molecules are used as light-harvesting elements; azobenzene, 17, 18 for example, isomerises between two forms when exposed to near-UV (B350 nm) and blue (B420 nm) light, respectively. Accordingly, various photoswitchable molecules -azobenzenes, 17, 18 stilbenes, 19, 20 spiropyrans, [21] [22] [23] [24] diarylethenes, 25, 26 fulgides, 27, 28 and others [29] [30] [31] -have been widely investigated and employed for the construction of light-responsive systems and materials. Each of these photoswitches has its advantages and disadvantages; azobenzenes, for example, are structurally simple and readily accessed synthetically; unfortunately the yield of the trans -cis conversion is usually far from quantitative. Diarylethenes, on the other hand, are not ideal for the design of mechanically switchable architectures since their isomerisation is accompanied by a relatively small change in molecular conformation, but this class of molecules has shown superb resistance to photodegradation 11,32 -a drawback which has traditionally been associated with spiropyrans (cf., however, Section 1.3.6). What makes spiropyrans unique among this broad spectrum of photoswitches, however, is that its two isomers (see Section 1.1) have vastly different properties. As a consequence, spiropyran is far more than just a simple photoswitch; the range of stimuli able to induce its reversible isomerisation is truly impressive and includes different solvents, metal ions, acids and bases, temperature, redox potential, and mechanical force. This versatility vis-à-vis input method highlights the far-reaching capabilities of new spiropyran-based dynamic materials. It is important to emphasise, however, that in order for the dynamic materials to be robust and ultimately meet the requirements of real-world applications, it is necessary for the active componentsthe spiropyran units -to be covalently attached to the support (Sections 5.1-5.5). For consistency, the name ''spiropyran'' in this review applies to both the closed-and the open-ring isomers. The closed-ring isomer is abbreviated as ''SP''; the open-ring isomer (or merocyanine) is abbreviated as ''MC''.
Isomerisation of spiropyran
The structural formula of the parent closed-ring isomer of spiropyran is represented as 1 in Fig. 1A . The molecule comprises an indoline and a chromene moiety bound together via a spiro junction and oriented perpendicular with respect to one another. The optical spectrum of the closed-ring isomer shows two localised transitions (Fig. 1B, gray trace) ; the band located at B272-296 nm is attributed to the p-p* electronic transition in the indoline part of the molecule, and the B323-351 nm band corresponds to the chromene moiety. 38, 39 UV (l = 365 nm)
irradiation of SP gives rise to the open-ring isomer (MC; 2 in Fig. 1A ) in a first-order process 40 whose mechanism has been investigated extensively; the transformation begins with the cleavage of the C spiro -O bond, resulting in cis-MC [41] [42] [43] (see 5, 6
Fig. 2) -an ephemeral species detectable by using transient absorption spectroscopy immediately after the UV pulse. The rotation about the central C-C bonds 44, 45 in cis-MC ultimately yields trans-MC. 18, 19 Interestingly, the SP -MC isomerisation can also be accomplished using near-infrared (NIR) radiation (via two-photon excitation). [46] [47] [48] [49] [50] This property is important since (i) the use of an NIR laser significantly reduces photodegradation of the switch as compared to the wavelengths (UV) used for single-photon processes, and (ii) it opens the way to perform isomerisation in biological samples as discussed in Section 2.1. The MC -SP reverse isomerisation usually occurs spontaneously, again following first-order kinetics, 51 and can be accelerated by visible light. The ring-opening reaction can be represented either as a heterolytic C-O bond cleavage (Fig. 2, left) or as a 6p electrocyclic ring opening (Fig. 2, right) , leading to the zwitterionic (7) or the quinoidal (8) resonance forms, respectively. 52 The final MC product is a hybrid of these resonance forms (9 in Fig. 2 ). Due to its planar structure and an extended p-conjugation between the indoline and the chromene moieties, MC shows a single delocalised transition shifted to the visible region, with l max = 550-600 nm in most non-polar solvents. The exact location of this band is dictated by the relative contributions of the two extreme resonance forms. Non-polar media, which preferentially stabilise the quinoidal form, [53] [54] [55] decrease the energy gap between the ground and excited states of MC, resulting in a bathochromic shift of the MC band 43, 56 (''negative solvatochromism'' of MC 57, 58 ). The strong dependence of MC absorption on the environment has been exploited for the construction of microcapillary-based systems capable of detecting specific solvents.
59,60 The widespread utility of the spiropyran switch lies in the fact that the SP and MC isomers have vastly different physicochemical properties. First and foremost, the charge separation in MC gives rise to a large electric dipole moment, particularly in comparison with the SP isomer. Density functional theory calculations 61 as well as electrical interferometry 62 and electrooptical absorption measurements 63 have shown that while the dipole moment of the parent (Fig. 1A) SP is in the range of B4-6 D, this changes drastically to B14-18 D for the MC form. Secondly, the SP and MC states show significant structural differences, whereby SP occupies less volume than MC. An elegant manifestation of these differences is the reversible increase, as a result of UV irradiation, in surface pressure within monolayers of a spiropyran-functionalised PMMA densely packed at the water-air interface. [64] [65] [66] Thirdly, the SP isomer is optically transparent in the visible region whereas MC absorbs strongly at l max = 550-600 nm and appears deep blue. Fourthly, SP and MC differ markedly in their emission behaviour: while the SP isomer does not exhibit strong emission, ring-opening results in the appearance of an intense emission band centered at l max E 650 nm (cf. Fig. 3A 
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). The resulting red emission can subsequently be ''turned off'' as the pyran ring re-forms and the extended p-conjugation is broken. Fifthly, the MC isomer is significantly more basic than SP, and its protonation leads to MCH + with a characteristic band at B420 nm (Fig. 1B) .
Still, while the acidic character of MCH + originates from the 2-hydroxy-4-nitrophenyl moiety, the pK a of MCH +70 (B2.25) is much lower than that of the parent 4-nitrophenol (pK a = 7.15 71 ).
This dramatic stabilisation of the phenoxide anion (reduced basicity) can be attributed to the electronic conjugation within the molecule, with the quinoidal resonance form (8 in Fig. 2 ) favouring 72 the deprotonated MC. The low pK a value is also due to the electron-withdrawing effect of the NO 2 group located at the para position with respect to the phenolic OH -without it, the pK a of MCH + was estimated to be 6-7 73 (compare with pK a = 10.0 for phenol). It should be noted, however, that the solution value of pK a = 2.25 often is not accurate for the immobilised spiropyrans discussed in this review; the acidity of constrained species 74 is, in principle, system-dependent.
Finally, the MC form has a higher affinity to different chemical species, in particular other zwitterions and metal ions. The above differences in the characters of SP and MC are intimately linked to another unique feature of spiropyran: its responsiveness to multiple stimuli. In addition to being photochromic, its reversible isomerisation can be realised by several other independent stimuli, which include temperature 21 (thermochromism), pH [75] [76] [77] (acidochromism), solvent polarity 78 (solvatochromism), redox potential 79 (electrochromism), metal ions, 45, 46 and even mechanical force 80 (mechanochromism). For example, treating SP with acids ( Fig. 1A) or metal ions can induce ring opening even in the absence of any UV irradiation because of the high affinity of the open-ring form to H + and metal ions (see Section 2.6). Likewise, polar environmentsincluding solvents, 81, 82 silica, [83] [84] [85] [86] or reverse micelles 87 -can stabilise the zwitterionic MC to the extent that the SP -MC transition occurs spontaneously in the dark. Under these conditions, SP represents the metastable state, which can exist only if the system is exposed to visible light. This property is referred to as negative photochromism 58, 88 (sometimes also called inverse or reverse photochromism), and is of particular relevance in the context of water-based biological environments (see Sections 3.1-3.8).
Aggregation of the open-ring isomer
An important consequence of the molecular structure of the MC isomer is its tendency to aggregate. Driven predominantly by the dipole-dipole interactions (along with the p-p stacking), the aggregation occurs readily in hydrophobic solvents. 89, 90 The MC units can stack in two different ways: ''head-to-tail'' (parallel) arrangement of the dipoles gives rise to so-called J-aggregates, whereas ''side-by-side'' (antiparallel; compare Fig. 7C ) stacking yields H-aggregates. These two types of packing can easily be identified in the absorption spectra: while J-aggregation shifts the MC band to higher wavelengths (bathochromic/red shift), H-aggregation is manifested by the hypsochromic/blue shift (cf. Fig. 7A ). Both J-aggregates [91] [92] [93] [94] [95] [96] and H-aggregates [97] [98] [99] [100] of MC are well known, and occasionally are found to co-exist. 101, 102 In addition to its tendency to aggregate, MC can also form complexes with SP units. 63, 64 Elegant experiments suggesting the existence of such heterocomplexes were performed with B900 nm silica spheres and planar quartz surfaces -both functionalised with spiropyran. As expected, there were no attractive interactions between the spheres and the surfaces in the dark, but exposure of the system to UV induced adsorption of the silica onto quartz. Interestingly, such adsorption could also be induced when only one of the two components was UV-irradiated (and had its SP moieties converted to MC), therefore confirming that the SP-MC interactions were responsible for adsorption. 1.3.2. Improved processability. Attachment of spiropyran to inorganic or macromolecular carriers allows one to take advantage of the desired mechanical properties, film formation capabilities, etc., imparted by the carrier.
1.3.3. Solvent compatibility. The polymer backbone can have a much larger contribution to overall solubility than the pendant (SP/MC) groups. For example, the hydrophilic poly-(N-isopropylacrylamide) (PNIPAM) showed good solubility in water even when decorated with the hydrophobic SP (see Section 2.3) (it may be noted that for heavily substituted polymer chains, the opposite trend is observed and the solubility is determined by the side groups; e.g. polysaccharides modified with SP 73, 74 could be dissolved in DMSO 112, 113 and even in benzene 114 ).
Likewise, in the case of NPs functionalised with mixed monolayers comprising SP/MC, solubility is determined by the majority component of the monolayer (''background ligand''). 1.3.6. Reduced photodegradation. Arguably the most important benefit of immobilising spiropyran is that it increases the resistance to ''fatigue'' (gradual degradation with increasing number of switching cycles). Although photoisomerisation of spiropyran is, in principle, a nondestructive process, side reactions can lead to by-products that lack the photoresponsive properties. Both mono-and bimolecular (with respect to spiropyran) pathways of photodegradation have been identified. The former mechanism is based on the interaction of the long-lived triplet excited state of spiropyran with triplet oxygen ( 3 O 2 ), which generates singlet oxygen ( 1 O 2 ) initiating irreversible oxidation of the photoswitch. 118, 119 To tackle this issue, switching can be carried out in the presence of antioxidants 120 and/or in an airtight environment. 121 However, the dominant cause of fatigue is via the bimolecular (dependent on spiropyran concentration) pathway, again involving the triplet excited state of the photoswitch. 122 Consequently, isomerisation in non-polar solvents, which favour MC stacking, gives rise to pronounced photodegradation. 114 Fortunately, bimolecular events become largely suppressed by placing the spiropyran units on supports. 123 In a study that compared photodegradation of spiropyran molecules moving around freely in solution with that of their immobilised counterparts, ten switching cycles induced degradation of B55% of small molecules, but only B21% of the immobilised version under the same irradiation conditions. 124 In another example, PMMA-based spiropyran homopolymers showed significant fatigue after only several isomerisation cycles whereas a copolymer containing 20 mol% of the chromophore units was significantly more stable. 125 Finally, 50 switching cycles induced degradation of B40% of spiropyran immobilised on B2 mm polystyrene beads 126 -compared with B50% degradation of small molecules in solution after only 13 cycles. 120 The decay of the switch on the beads was likely due to bimolecular events caused by the beads coming into contact with one another. Yet when spiropyran was attached to a planar surface, an impressive 370 switching cycles were realised without significant fatigue! 127 1.3.7. Improved fluorescence. Immobilisation of the MC moieties restricts their conformational flexibility and protects the fluorophores from quenching by nonradiative processes (e.g. via collisions with solution molecules). As a result, emission quantum yields are increased. Fluorescence of MC can further be enhanced by placing the fluorophores in the hydrophobic environment of vesicles 128 is particularly important in the development of switchable fluorescent probes for biological applications (see Section 2.1). 1.3.8. Tailoring the behaviour of the switch. The support (e.g. a polymer chain and a nanoparticle) to which spiropyran is bound often has a much larger effect on the behaviour of the switch than the solvent. 129, 130 First, the support affects the optical properties of the chromophore. The absorption of small-molecule MC in benzene is centered at B600 nm, as compared to B583 nm for PMMA-immobilised MC in the same solvent. 44 This shift suggests that MC is preferentially stabilised by the polymer's ester groups rather than by benzene molecules. In other words, the support acts as a ''buffer'', stabilising the photoswitch against environmental (e.g. solvents) changes. Interestingly, this intramolecular solvation could be followed by transient absorption spectroscopy: MC generated immediately after the UV pulse appeared at B592 nm, and shifted to B583 nm within only 1 ms.
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Second, the support can largely affect isomerisation kinetics: while a small-molecule MC dissolved in ether isomerised within a few minutes, the colour of the same dye residing on a chitosan chain, also dissolved in ether, persisted for 24 hours. 131 In another example demonstrating the buffering effect of the polymer ''hosts'', addition of hydrophilic mica particles to a toluene solution of a small-molecule MC stabilised the coloured form and greatly reduced the kinetics of decolouration, whereas it had virtually no effect on the fading of polymer-immobilised MC under otherwise identical conditions. 130 It is also worth noting that polymer-immobilised MC does not exhibit significant solvatochromism, in contrast to individual MC units (see Sections 1.2 and 1.3). The properties of the photoswitch can even be modulated solely by the length of the linker connecting it to the support: accordingly, ring-closing of MC attached to the surface of silica proceeded with k n=8 = 0.52 Â 10 À3 s À1 and k n=16 = 4.2 Â 10 À3 s À1 when the dye was connected through linkers comprising 8 and 16 atoms, respectively. 108 In principle, longer linkers allow for more conformational flexibility and encourage solvation by the solvent molecules -which consequently leads to faster decolouration. [132] [133] [134] It is important to emphasise here the need to decouple the photoswitch from the underlying surface (that is, a minimal linker length is necessary) to achieve efficient isomerisation. 135 While the direct attachment of spiropyran to polystyrene beads via physisorption was possible, the isomerisation yield was only B20% of that of the switch which had been chemisorbed through an eight-carbon chain linker. 126 Likewise, isomerisation of SP physisorbed on planar gold 136 proceeded with a quantum yield of only B10
À10
. The effect of the support can in fact be strong enough in some cases to induce a transition between positive and negative photochromism. 129 For example, spiropyran on a poly(N,Ndimethylacrylamide) backbone displayed positive (''normal'') photochromism despite the polymer being surrounded by a strongly hydrophilic silica gel matrix. 137 Interestingly, the SP 2 MC equilibrium can also be affected by the surface of a nanoparticle: chromophores bound to CdSe NPs prepared with tri-n-octylphosphine as the capping agent showed positive photochromism, but in similar NPs prepared in the presence of sodium dioctylsulfosuccinate, negative photochromism was observed. 138 The authors attributed the stabilisation of the MC isomer to the charged defects on the surface of NPs prepared by the latter approach. 1.3.9. Stabilising ephemeral species. Finally, polymers functionalised with spiropyrans have proven useful in studying the mechanism of switching; isomerisation of constrained spiropyrans within sterically hindered environments has enabled the stabilisation and characterisation of cis-MC 139 (see 5, 6 in Fig. 2 ) -an otherwise ephemeral intermediate during the SP 2 trans-MC isomerisation.
Spiropyran-functionalised polymers
Various approaches to spiropyran-bound polymers have been developed. The spiropyran moiety is compatible with most polymerisation conditions; therefore routes based on both polymerisation of spiropyran-based monomers and grafting on pre-formed polymer chains have been employed. The grafting-on approach has been used to functionalise a variety of polymers, including polytetrafluoroethylene (PTFE), 140 polyaniline, 141 polyacrylates, 39, 142, 143 polysulfones, 82, 144 polyphosphazenes, 106 and
Pluronic. 145 Homopolymers are typically synthesised by means of ring-opening metathesis polymerisation (ROMP). 146, 147 Random copolymers are most commonly prepared via AIBNinitiated free radical polymerisation of terminal alkenes [148] [149] [150] [151] [152] [153] [154] (usually methacrylates) or by polycondensation reactions, [155] [156] [157] [158] whereas for the synthesis of block copolymers, atom transfer radical polymerisation (ATRP) 129 ) are pre-functionalised with polymerisation initiators and used as starting materials.
Examples of polymers incorporating disubstituted spiropyran units as a part of the polymer backbone are relatively rare; these polymers can be obtained by various polycondensation methods, including polyesterification, 165, 166 diol-diisocyanide polycondensation, 167 and bis(indoline)-bis(salicylaldehyde) polycondensation. 168 Polymers having precisely one photoswitchable unit as a part of the polymer chain were synthesised by controlled polymerisation methods (single-electron transfer living radical polymerisation (SET-LRP) 169 and ATRP 170 ) using disubstituted spiropyrans as initiators. Finally, end-labeled polymers were obtained by nucleophilic substitution reactions involving small-molecule spiropyrans and pre-formed polymer chains, 171, 172 via ATRP using a spiropyran-based tertiary bromide initiator, 173 or by solid-phase synthesis. 174 
Photocontrol of polymer fluorescence
Over the past several years, fluorescent properties of spiropyran polymers have been studied extensively due to their potential applications in detection and imaging. Ideal for such applications are photoresponsive polymers in the form of spherical micellisation. 159 The resulting NPs are very bright (due to the compact packing of the fluorophores), often biocompatible, their surfaces can be functionalised with biomolecules, 116 and, most importantly, their fluorescence can be modulated remotely in a reversible fashion ( Fig. 3 and 4) . In the simplest case, fluorescence of NPs is ''turned on'' and ''off'' upon exposure to UV and visible light, respectively. Such NPs, designated as ''1st generation'' in Fig. 4 , were originally synthesised by Li and co-workers by means of emulsion polymerisation of a mixture containing N-isopropylacrylamide (NIPAM), styrene, divinylbenzene, and a spiropyran-methacrylate monomer. 68 Whereas the shells of the resulting NPs were hydrophilic (PNIPAM), thus providing them with good water solubility, the SP units resided in the hydrophobic cores. This gave rise to strong fluorescence of the MC form while significantly reducing photodegradation of the chromophore, as evidenced by only an B5% decrease in MC fluorescence after five switching cycles. 68 This fatigue resistance, however, came at the expense of slow isomerisation kinetics of the photoswitch within the compact polymer matrix. 68, 69 As a result, it took as long as B5 min to reach the photostationary state under UV irradiation (compared with B5 s for switching on semiconductor NPs under similar irradiation conditions 175 ), and B2 min (vs. B90 s on the same semiconductor NPs) under visible light irradiation. The diameters of the NPs were readily controlled, in the 40-400 nm range, by varying the ratio of the monomers. This ability to control the particle size is important: ideally, NPs should be large enough to give an intense optical signal; however they should not be too large so as to minimise undesired light scattering.
Switchable fluorescence is the basis of localisation microscopy 176 -a recently developed 177, 178 technique which enables imaging with nanometer-scale resolution -well below the diffraction limit -using standard fluorescence microscopy tools. Li et al. identified spiropyran as a switchable fluorophore which is well-suited for this application, 179 and developed a variant called photoactuated unimolecular logical switchingattained reconstruction (PULSAR) microscopy. [180] [181] [182] The principle of PULSAR is as follows: the sample is first irradiated with red light so as to set all the photoswitches to the dark state (closed-ring isomer), and to photobleach all adventitious (non-photoswitchable) fluorophores absorbing in that region. In each imaging cycle, a brief UV pulse (l = 375 nm) is used to ''turn on'' a small fraction of MC emitters, which are then imaged (with l excitation = 561 nm 182 ) until photobleaching/back-isomerisation takes place. Assuming that the distances between the active emitters are greater than the Abbe diffraction limit, each of them can be localised with nanometer precision by fitting the summed intensity data to a Gaussian mask. The process is then repeated over many cycles until the entire population of the fluorophores is photobleached. An overall image is reconstructed from the positions of individual MC molecules recorded during each cycle. The resolution of PULSAR is determined by the number of photons a single MC can emit before it photobleaches. This number is as large as 1.8 Â 10
5
, giving rise to imaging resolution down to 10 nm. 180 Imaging capabilities of PULSAR microscopy are demonstrated in Fig. 5 . Fig. 5B shows a single (left), two (center), and four (right) 70 nm spiropyran-polymer NPs arranged in a row. PULSAR clearly resolves individual 70 nm NPs 180, 181 whereas conventional fluorescence microscopy ( Fig. 5A ) is unable to do so. Furthermore, the possibility to chemically functionalise the surfaces of these NPs 115 can turn them into Fig. 5D clearly shows a monolayer of NPs decorating a round crystal of CaCl 2 (as compared to the diffraction-limited image of the same crystal in Fig. 5C ).
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The combination of high resolution with the possibility to activate fluorescence ''on demand'' makes PULSAR microscopy of particular interest for imaging biological systems, where false positive signals due to cell autofluorescence are a ubiquitous problem. This background fluorescence, being non-photoswitchable, can easily be extracted from the signals due to the MC probe. Importantly, UV-induced cytotoxicity is not an inevitability since the SP-MC isomerisation can be induced not only by UV, but also by NIR light as discussed in Section 1.1. The excitation wavelength of B780 nm lies within the so-called NIR window, where both the absorption and scattering of biological tissues are minimal. Moreover, irradiation with an NIR laser enables not only the isomerisation, but also twophoton fluorescence of MC, thereby overcoming the problem of back-isomerisation of MC typically accompanying single-photon fluorescence.
A desirable feature of fluorescent probes -in the context of biological imaging -is the ability to reversibly switch between two different colours of emitted light (as opposed to a dark-bright transition). Although the parent SP (1 in Fig. 1A) is non-fluorescent, Li et al. have recently engineered dual-colour fluorescence in a series of spiropyrans by functionalising the photoswitch with electron-donating or -withdrawing substituents. 183, 184 For example, the MC form of a 5-cyano-substituted switch emitted red fluorescence, whereas the SP form was blue-fluorescent. The authors also prepared polymer NPs incorporating these novel spiropyrans and demonstrated the ability to unambiguously stain intracellular objects by taking advantage of the reversible, two-colour fluorescence. 183 Switching between two different wavelengths of emitted light can also be realised by using fluorescence resonance energy transfer (FRET). The advantage of this approach over dual-emitting dyes (previous paragraph) is that it offers more flexibility in terms of optical output. Recall that FRET efficiency is governed by the extent of overlap between the fluorophore emission band and the MC excitation band -cf. Fig. 3C 159 -as well as by the average distance between the two moieties; 185 both of these parameters are readily controllable within spiropyran-polymer NPs. One such example is shown in Fig. 4 , middle panel (''2nd generation'' switchable NPs), whereby spiropyran has been co-polymerised with a perylene diimide dye to form spherical, B50 nm polymer NPs. 186 In the closed form of the switch, these NPs emit green fluorescence due to the PDI units. An SP-to-MC photoisomerisation, however, activates a PDI-to-MC FRET, and the resulting NPs emit red light. A related example of emission control is shown in Fig. 3D , 159 whereby a fluorescent nitrobenzoxadiazolyl (NBD)-based dye within spiropyran-polymer NPs emitted green fluorescence while SP was in its closed form. 67, 187, 188 UV-triggered ring-opening induced FRET to the MC form resulting in red emission. Other fluorophores attached to/incorporated in spiropyran polymers include polythiophene 189, 190 ( Fig. 3E and F) , poly(fluorenyl-cobenzothiadiazole) (PFBT), 116 boron-dipyrromethene (BODIPY), 191 diphenylanthracene, 192 naphthalimide, 193, 194 and even the green fluorescent protein (GFP). 42, 195 In all of these examples, photoswitchable dual-colour emission was achieved. More recently, approaches have emerged for the development of spiropyran-polymer NPs whose fluorescence can be controlled by multiple orthogonal stimuli (''3rd generation'' NPs in Fig. 4 ). Thermoresponsive polymers, such as PNIPAM, can be used to introduce temperature responsiveness. PNIPAM is readily hydrated and highly water-soluble at room temperature. Upon warming of an aqueous solution, it undergoes volume phase transition and precipitates at the temperature (T = 32 1C) which corresponds to its lower critical solution temperature (LCST) (''cloud point''), 196, 197 as a result of entropically driven dehydration. 198 Liu and co-workers reported block copolymers comprising (i) PNIPAM copolymerised with an NBD acrylatebased fluorescence donor, and (ii) an MC methacrylate-based acceptor. 164 The block copolymers were supported on silica particles, resulting in overall core@shell@shell morphology. These particles could emit light of three different colours, depending on the external conditions: (1) under visible light irradiation, the spiropyran was in the SP (''off'') form and the colour of emitted light was green (and not affected by 164 An even more sophisticated system is shown in Fig. 4 , bottom panel. In addition to being photo-and thermoresponsive, this block copolymer (poly(St-co-NBD-co-SP)-b-poly(NIPAM-co-Rh), where St = styrene and Rh = rhodamine), incorporates rhodamine, whose fluorescence can be modulated by pH. The resulting NPs can exist in as many as eight different states, which can be toggled between each other by exposure to three orthogonal stimuli. 161 
Photocontrol of polymer solubility
The large difference in polarity between SP and MC can be exploited to construct systems in which aggregation is induced by light. Different studies demonstrating such photoinduced changes propose three alternative explanations for the behaviour. First, preferential intramolecular ''solvation'' of the MC isomer by the polymer backbone was suggested to play a role, as postulated by Irie et al., who observed that UV irradiation of benzene solutions of a spiropyran-decorated PMMA resulted in decreased viscosities. This effect was attributed to intramolecular stabilisation of MC by the PMMA's ester moieties. 44, 199 The same rationale was used to explain the UV-induced decrease in the viscosity of SP-decorated poly(methacrylic acid) in methanol. 200 Evidence supporting this scenario was provided by studies of copolymers with different contents of spiropyran: in all cases, the photoinduced effect was most pronounced for copolymers containing relatively low (e.g., B10% 200 or B18%
44
) molar percentage of the switch.
In contrast, other experiments showed a linear dependence of the viscosity change on the spiropyran content, and suggested that direct interactions between the chromophore units are involved. 201 Depending on the solvent, these attractive interactions could take place between SP units, resulting in visible lightinduced viscosity decrease (e.g. in DMSO) 39 /precipitation (in water; Fig. 6A 
202
), or, more commonly, between the MC units, 99, [203] [204] [205] giving rise to UV-induced aggregation (e.g. in dioxane; Fig. 6B 206, 207 ). The contribution of direct MC-MC interactions is also corroborated by MC fluorescence quenching which accompanies polymer aggregation. 208 Finally, the third plausible explanation is based on the photoinduced loss of the solvation layer. Spiropyran-functionalised polystyrene precipitated from a cyclohexane solution when irradiated with UV light. 117 Comparison with a small-molecule analogue supported the negligible role of direct MC-MC interactions. This monomer, when exposed to UV, aggregated by means of MC-MC interactions, which stabilised the resulting aggregates and consequently inhibited redissolution by visible light. In contrast, the aggregated MC-polymer could be redissolved easily, thereby suggesting that direct MC-MC interactions play only a negligible role. 117 Overall, the light-induced aggregation behaviour is highly system-dependent and can likely be explained by a combination of the above mechanisms. UV-Vis spectroscopy provides a convenient way to monitor interactions between the MC moieties as UV-irradiated polymers aggregate. Fig. 7A shows a series of absorption spectra of a spiropyran-functionalised methacrylate in toluene upon increasing exposure to UV light. The initially observed band centered at B585 nm, attributed to individual MC units, develops a shoulder at B560 nm, which is attributed to MC stacks (H-aggregation). 100 Subsequent relaxation spectra clearly show that MC within these stacks re-isomerises considerably slower than the non-stacked MCs, such that after sufficiently long relaxation times, only the peak at B560 nm can be observed (Fig. 7B) .
The controlled formation of such MC stacks governs a fascinating process first reported by Krongauz et al. which involves spontaneous ring-opening of SPs residing on polymer chains. 209 Slow solvent evaporation from 2-methyltetrahydrofuran (MTHF) solutions of poly(MMA-SP) (10 in Fig. 7D ) was found to result in red, crystalline (Fig. 7E ) solids. In sharp contrast, fast evaporation of MTHF from the same solution yielded a white, amorphous precipitate. The red colour suggested that crystallisation entailed the SP -MC isomerisation -indeed, UV-Vis spectra of the crystals showed only one band centered at l E 560 nm, attributed to stacked MCs. Equally impressive was the stability of MC within the resulting crystals: it did not back-isomerise even upon heating to 150 1C (at which point the polymer decomposes) -in contrast to MC within amorphous aggregates obtained from the same polymers, which faded within a few seconds at T E 50 1C.
107 Surprisingly, such controlled crystallisation is interrupted by UV light -a stimulus usually used to induce SP -MC isomerisation -in fact, crystalline solids could only be obtained in the dark. The crystallisation process is thought to involve stepwise isomerisation along the polymer chain as the crystal forms -in other words, crystallisation and isomerisation mutually stimulate each other. The process can therefore be thought of as a molecular scale analog of closing a zipper and hence has aptly been called ''zipper crystallisation'' 210 ( Fig. 7C ). It is important that the polymer chain has certain degree of flexibility -when the SP units were located on a more rigid polystyrene chain, no crystalline order in the resulting material was observed (11 in Fig. 7D and F) . 107 On the other hand, the spiropyran groups cannot have too much conformational freedom: no crystals were observed in the case when spiropyran was attached to the polymer backbone through a long and flexible alkyl chain linker (12 in Fig. 7D ). Advances in controlled polymerisation methods have enabled selective placement of the photoswitchable units at desired fragments of the polymer chains. [211] [212] [213] [214] The resulting block copolymers can have a tendency to spontaneously assemble into micelles or vesicles, such as in the process called ''polymerisation-induced self-assembly and reorganisation''.
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Matyjaszewski and co-workers used ATRP to prepare block copolymers containing a long poly(ethylene glycol) (PEG) block appended with a short spiropyran-based block. 160 The hydrophobic nature of SP induced the formation of micelles in aqueous solutions ( Fig. 6C and D). When UV-irradiated, the micelles disassembled. Subsequent exposure to visible light restored the SP isomer and regenerated the original micelles, as shown in Fig. 6E . The same concept was demonstrated using block copolymers comprising (i) a PEG block and a spiropyran-decorated poly-L-glutamic acid block, 215 as well as
(ii) a spiropyran-appended PMMA block and a polysaccharide block. 216 Interestingly, however, opposite behaviour was observed in the case of block copolymers bearing precisely one spiropyran unit at the terminal position of the polymer chain 173 -in this case, UV-irradiation of well-solvated, PEG-rich polymers induced micellisation resulting from attractive MC-MC interactions. Dual-responsiveness within spiropyran-incorporating block copolymers was encoded by substituting the PEG segment with a thermoresponsive block. Ji et al. reported a system based on a PDEGMMA-b-poly(SP) copolymer (where PDEGMMA = thermoresponsive poly(2-(2-methoxyethoxy)ethyl methacrylate)), which could exist in three different states -single molecules, micelles, and reverse micelles, depending on the environmental conditions. 217 Finally, increasing the hydrophobic character of the spiropyran-incorporating block can stabilise the micellar structure such that no disassembly takes place even upon SP -MC isomerisation. The resulting MC-rich blocks, instead of being solvated by water molecules, pack more compactly due to strong MC-MC interactions, and the average micelle size decreases. This process is reversible, giving rise to oscillations of the micelle diameters between B110 nm and B90 nm (''micelle breathing''; Fig. 6F and H). 218 
Photocontrol of volume phase transitions in thermoresponsive polymers
An interesting case of light-induced aggregation of polymers is the behaviour of thermoresponsive polymers incorporating spiropyran, and is best exemplified by PNIPAM-based copolymers. In Section 2.1, we saw how thermally induced collapse of the PNIPAM chains decreased the distance between fluorescence acceptors (MC) and donors, thereby modulating FRET efficiency. The temperature at which this phase transition occurs -the LCST -can be increased or reduced by the incorporation of hydrophilic and hydrophobic groups, respectively, in the polymer backbone. 219 Being able to transform reversibly between a hydrophobic and a hydrophilic isomer, the spiropyran switch offers the possibility to prepare PNIPAM-based copolymers with solubilities controlled not only by temperature, but also by light. For a given poly(NIPAM-X) copolymer, a range of temperatures exist where the polymers are water-soluble when X = the hydrophilic MC, but readily precipitate when X = the hydrophobic SP. 220 This behaviour is illustrated in Fig. 8 in an acidic (pH 4) solution of the copolymer. Under these conditions, the open form of the switch is protonated and the system exhibits negative photochromism, with the SP ring spontaneously opening in the dark. As shown in Fig. 8B , LCST of the thermally equilibrated, MCH + -rich polymer is relatively high (T MC E 35 1C), whereas the closed-ring isomer reduces the LCST to T SP E 30 1C.
As a consequence, the initially yellow (due to MCH + ), transparent solution exposed to visible light in the temperature range T MC o T o T SP turns colourless and opaque in less than a minute ( Fig. 8C and D) . The fact that the effect can be observed with remarkably small amounts of the chromophore unitsthe copolymer in Fig. 8 had only 1 mol% of SP and the solution concentration was 0.1 wt% -led the authors to hypothesise 73, 221 that the SP ring closing and the polymer dehydration could possibly accelerate each other. Another interesting aspect of the process is proton release accompanying the volume phase transition:
a ten-fold increase in the H + concentration was observed 221 upon visible light irradiation, suggesting that these polymers can be used for light-controlled proton delivery. Despite the fact that the volume phase transition of the poly(NIPAM-SP) copolymers takes place abruptly at a welldefined temperature (LCST), continuous dehydration of the polymer 222 backbone can be observed well below the LCST using the SP-MC pair as a probe. 223, 224 Fig . 9A shows the dependence of MC absorbance on temperature: absorption decreases in a roughly linear fashion starting at T E 5 1C, although precipitation does not take place until T E 35 1C.
It is important to note that this decrease in MC absorption accompanying a gradual MC -SP ring closing is indeed due to an increasingly non-polar environment, and not a result of thermal isomerisation as evidenced by control experiments on monomeric spiropyran showing that temperature rise led to an increase in MC absorption (due to negative photochromism). 223 Additionally, a slight red-shift of the MC band can also be seen with increasing temperature. This can be attributed to an increasing contribution of the quinoidal resonance form of MC at the expense of its zwitterionic form (see Section 1.1) -yet another indication of dehydration. This latter effect is more pronounced in a related system based on PNIPAM incorporating a nitrospiropyran, as shown in Fig. 9C -F. 224 The dependence of l max on T is nearly linear over a broad range of temperatures (10-34 1C) and wavelengths (519-547 nm), indicating that this system can serve as a colorimetric thermometer within this temperature window. The large difference in l max values suggests significant contributions of the zwitterionic and quinoidal resonance forms at the low and high temperatures, respectively. In order to develop robust PNIPAM-based photoresponsive materials and ultimately functional devices, use of crosslinked polymers, as opposed to linear polymer chains, becomes necessary. Crosslinking is typically achieved with N,N 0 -methylenebisacrylamide [225] [226] [227] and leads to hydrogels whose hydration (expansion) and dehydration (shrinkage) can be achieved upon exposure to UV and visible light, respectively. In an exemplary demonstration of the phenomenon, thin films of crosslinked gels exhibiting negative photochromism were exposed to blue light through a mask, causing volume phase transition and shrinkage in the irradiated regions. Irradiation times as short as 3 s were sufficient to decrease film thickness by B30%. 227 Moreover, multilevel patterns could be created by irradiating different areas of the same film for different amounts of time. MCH + -SP isomerisation in the irradiated areas was confirmed by preferential adsorption of negatively charged latex particles onto non-irradiated (carrying more positive charges) areas. Similar reversible shrinkage-swelling behaviour was reported for poly(NIPAM-SP) gels in the form of colloidal particles. Upon consecutive cycles of visible light irradiation and thermal equilibration in the dark, these particles performed ''breathing'' motion, with their hydrodynamic diameters oscillating between B200 nm and B160 nm. 226 Optical control of the thermal threshold for volume changes has also been reported for thermoresponsive polymers other than PNIPAM -for example, the LCST of poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) containing 1.3 mol% of spiropyran in the form of MC could be shifted from 44 1C to 34 1C upon exposure to visible light. 129 Block copolymers comprising thermoresponsive poly(N,N-dimethylacrylamide) (PDMA) and poly(2-(2-methoxyethoxy)ethyl methacrylate) (PDEGMMA) units were also investigated. 228 An intriguing aspect of the latter study is that two different photoswitchable groups -spiropyran and azobenzene -were incorporated into the polymer backbones and their combined effect was studied. As demonstrated in this section, spiropyran allows for the control of properties characteristic of thermoresponsive polymers (i.e. volume phase transition) by means of light, thereby effectively rendering them photoresponsive, and paving the way towards the development of a conceptually new family of photoswitchable materials. Structure and property changes which could previously be brought about thermally 229 can now be directed by light -using excellent spatial and temporal control -as well. The ability to shrink and expand crosslinked polymer gels in particular is interesting in the context of controlling transport phenomena (see Section 2.4).
Photocontrol of transport through polymeric systems
Sumaru and co-workers have pioneered the use of crosslinked poly(NIPAM-SP) hydrogels as the key components of lightactuated microvalves. [230] [231] [232] [233] As described in the previous section, these gels contain spiropyran in the MCH + form, and can be dehydrated upon exposure to blue light, triggering ring closing and PNIPAM chain collapse. An example of the process is shown in Fig. 10A , where the surface area of a circular piece of gel irradiated with blue light decreases by a factor of two. The switchable polymers can conveniently be deposited in a region of intereste.g., thin channels of PDMS-based microfluidic devices -by UV-induced in situ free-radical polymerisation of a mixture containing NIPAM, a spiropyran monomer, a crosslinker, and an initiator. Fig. 10B shows how three valves, separated by less than 2 mm from each other, can be opened independently by local irradiation with low-intensity (20 mW cm À2 ) blue light for less than 30 seconds. Although these valves could be opened by gentle heating as well, only the use of light allowed each valve to be addressed individually. Other original approaches to induce flow by means of light have been developed, 234 for example one in which channels are created in a single step in thin, flat sheets of poly(NIPAM-SP) gels by exposing them to blue light through a mask in the shape on the channel. 232 In all of the above systems based on the unsubstituted (13 in Fig. 10C ) spiropyran, reversibility is an issue: although blue light-induced ring closure (and so the valve opening) is fast, it takes more than one hour for the SP rings to reopen, for the gels to swell, and for the valves to close. To tackle this problem, Sumaru et al. investigated the effect of substituents on the kinetics of spontaneous ring opening. 235 Ring opening events occurring in polar solvents involve a transition state with a partial negative charge on the pyran oxygen atom -therefore, the electron-donating methoxy substituent was placed at the 6 0 position of the benzopyran moiety (14 in Fig. 10C ) with the assumption that it would reduce the activation free energy of the reaction. Indeed, the ring-opening rate increased by a factor of three; conversely, installing an electron-withdrawing nitro group at the same position (16 in Fig. 10C ) reduced the rate nearly 15 times. In addition, any type of substituent placed at the 8 0 position led to a higher reaction rate -these two effects combined led to a 20-fold increase of the reaction rate in the case of an 8 0 -OMe derivative (15 in Fig. 10C ), as compared to its unsubstituted counterpart. 235 Therefore gels prepared from poly(NIPAM-SP-8 0 -OMe) exhibited excellent reversible swelling performance, with both the light-induced shrinking and spontaneous re-swelling to the original state completed within several minutes.
In the examples discussed above, spiropyran switching caused changes in hydration and the degree of swelling of a thermoresponsive polymer. Several photoinduced flow systems have also been developed which exploit different affinities of the switch to the solvent/solute molecules. [236] [237] [238] [239] [240] In one prominent example, 238 a molecularly imprinted polymer designed to bind tryptophan was prepared by polymerising a mixture of terminal alkenes containing a spiropyran derivative. The procedure was carried out under UV irradiation, which likely resulted in the formation of ''binding sites'' for the zwitterionic tryptophan in the proximity of the MC residues. Following polymerisation and extraction of the amino acid, the resulting materials were used as dialysis membranes. Permeability of tryptophan indeed depended on the state of the switch, with the diffusion through the MC-rich membrane faster by well over one order of magnitude. 238 Control experiments revealed that the membranes were tryptophan-specific -other molecules diffused slowly and with rates independent of the conformation of spiropyran -and also confirmed the importance of the binding sites: a spiropyran polymer prepared in the absence of the template showed similar (and very low) permeability for tryptophan under both UV and visible light irradiation. This strategy was used to successfully develop a photoswitchable catalysis system, which comprised a spiropyran-functionalised polyacrylamide immobilising the enzyme a-chymotrypsin; 241 while the diffusion of an amino acid-based substrate -and its access to the enzymewas suppressed in SP-rich polymers, the system could be activated by UV light: under these conditions, the substrate readily diffused -and was converted into the product -through MC-rich copolymers. In another interesting example, commercial polyethersulfone (PES) ultrafiltration membranes were rendered photoresponsive by a grafting-from polymerisation process. 242 As expected, the hydrophobic SP isomer encouraged non-specific absorption of proteins, which, in turn, translated into lower flow rate of the buffer solution.
Finally, transport properties can be controlled through physical changes to the overall polymer structure. 82, 144 For example, PTFE membranes coated with a poly(acrylamide-spiropyran) copolymer exhibited enhanced permeability towards water-methanol mixtures when irradiated with UV light -a property which could be correlated with UV-induced solution precipitation of this copolymer dissolved in the same mixture of solvents. 140 This ''surface precipitation'' behaviour was also utilised to control flow through glass filters functionalised with a similar copolymer. 163, 243 In addition to the systems presented here, light-controlled transport has been demonstrated using various biopolymers and nanoporous inorganic materials derivatised with spiropyranthese examples are covered in Sections 3.3, 3.7, and 5.2.
Photocontrol of polymers' mechanical properties (and mechanical control of polymers' optical properties)
Copolymers discussed in this section contain spiropyran as part of their polymer backbones. When the backbone is attached to the two different (that is, indoline and chromene) rings of the switch, the isomerisation process (which is associated with large structural changes of the spiropyran moiety) is expected to affect the overall structure of the polymer chains, and therefore the macroscopic properties of the polymer. Copolymers of this type were first prepared and studied by Smets et al., who observed B2% contraction in thin films of rubbery (glass transition temperature, T g E À15 1C) polyesters containing up to 1 mol% of the spiropyran units. 165, 244 Upon storage in the dark, slow chain length recovery occurred and the process could be repeated multiple times. 245 The shrinking was thought to be entropically driven, with the planar MC moieties increasing both the mobility of the polymer chains and their ability to pack more efficiently. Three decades later, a multidisciplinary team at UIUC considered the opposite -that is, the possibility to induce SP ring opening by applying mechanical force to polymer chains incorporating the chromophores in their backbones. 167, 169, 170, [246] [247] [248] [249] A hint that this type of behaviour would be possible was provided by earlier studies which showed 80 that small-molecule spiropyran
This journal is © The Royal Society of Chemistry 2014 underwent ring-opening upon grinding, thereby demonstrating the unique feature of the switch of being a mechanophore (undergoes chemical transformation in response to a mechanical stimulus) that is additionally mechanochromic (exhibits colour change upon the application of mechanical force). To investigate the effect of mechanical force on the isomerisation of SP, the team first prepared a linear poly(methyl acrylate) (PMA; molecular weight, M w E 170 kDa) having precisely one SP unit near the center of the chain (at the position of greatest stress under chain elongation; Fig. 11 ). 169 The choice of the 5 and 8 0 positions as the attachment points was suggested by DFT calculations which predicted 246 that increasing the distance between these two points transmits the force efficiently to the C-O bond and leads to its rupture. Indeed, when an acetonitrile solution of the polymer was subjected to sonication, the colour of the solution changed from colourless to red, indicating the SP -MC reaction (Fig. 11A) . The process was reversible in that the solution turned transparent upon exposure to visible light. No such effects were observed for PMA end-terminated 171 with SP, indicating that the isomerisation was indeed induced by stress, and not, for example, by temperature change.
The spiropyran mechanophore could also be incorporated into chains of bulk polymers. 246 Fig . 11B shows dogboneshaped samples of elastomeric PMA prepared by SET-LRP using the bifunctional spiropyran 18 (Fig. 11C) as an initiator. When the samples were subjected to tensile loading, red colour -an indication of mechanochemical ring opening -emerged, and its intensity increased with increasing levels of strain. Samples moulded from control polymers -one lacking the polymer chain on the indole ring of spiropyran (prepared from 19 in Fig. 11C ), the other one having both polymer chains attached to the same side of the spiro junction (prepared from 20 in Fig. 11C ) -did not show any colour changes upon stretching, since neither presumably resulted in a significant force being transmitted to the sensitive C-O bond. Similar behaviour was observed for SP-containing glassy PMMA prepared in the form of 100-500 mm spheres (Fig. 11D) . 246 Upon compression, an intense purple colour emerged as a result of tensile stress in the direction perpendicular to the loading direction, with the maximum tensile stress in the center of the bead. Importantly, intense colours, in all cases discussed here, appeared well before the samples failed at high strain levels, suggesting possible uses of these materials for detection and mapping of mechanical stress (in, e.g., climbing ropes or bridges) prior to catastrophic failure.
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Photocontrol of metal ion complexation
In contrast to the SP isomer, the MC form has a tendency to bind different metal ions (in an MC : M n+ 2 : 1 stoichiometry), with the interaction taking place through the MC's phenolate oxygen. 250, 251 Although the binding strength of the individual MC moieties to metal ions is usually rather weak, the stability of the complex can be increased by pre-organising two or more MC groups -for example, on a polymer backbone (Fig. 12A) . Despite the higher complexation constants, MC in such complexes can still be converted to SP upon exposure to visible light, thereby resulting in the expulsion of the metal ions. This behaviour is exemplified by a spiropyran-decorated PNIPAM as it interacts with Pb 2+ ions. 252 As shown in Fig. 12B , the UV-Vis spectrum of this polymer shows an intense MC band at l max E 540 nm due to negative photochromism. Addition of metal ions (in this case Pb 2+ ) leads to the appearance of a new peak at l max E 430 nm, attributed to an MC-metal ion complex. 253, 254 This example is of further interest since combining the metal ion binding properties of the polymer with its thermoresponsive nature allows for quantitative removal of Pb 2+ from water. This goal was achieved by (i) spontaneous binding of the metal ions by MC, and (ii) subsequent gentle heating above the LCST. 252 Irradiation of the resulting precipitate with visible light led to an B50% release of the Pb 2+ ions from the solid state. 252, 255 It is important to emphasise that the mild binding strength of MC to metal ions is essential for the photoswitchable binding and release: if the interaction energy was too weak, neither isomer of the switch would bind metal ions; if it was too strong, the binding (and ring-opening reaction) would be irreversible. The polymer backbone itself can also be modulated to enable selective detection of a specific metal ion -for example copolymers rich in sulfobetaine moieties give rise to an environment in which the pendant MC groups bind Cu 2+ with high selectivity (over, e.g., Zn
2+
, Ni
, and Co
). 256 End-functionalised PMMAs have also been prepared: 172 addition of metal ions to these polymers induced the formation of 2 : 1 complexes thereby enabling selective and reversible dimerisation of polymer chains. 225, 257 If the MC unit is equipped with an additional metal ionbinding group, the resulting bidentate ligand can be used to form complexes of 1 : 1 stoichiometry. Locklin and co-workers prepared a polymer with a unique capability to bind and distinguish multiple divalent metal ions from each other. 258 In this design, MC was connected to a PMMA chain via an ester group -the latter serving as an additional coordinative group (Fig. 12C ). Fig. 12D shows a collection of UV-Vis spectra of the polymer pre-irradiated with UV light and exposed to different metal ions, The method is based on the combination of two types of polymer NPs, B10-30 nm in diameter, both decorated with spiropyrans. Upon excitation, the first of these polymers, poly(2,5-dialkylphenylene-1,4-ethynylene) (PPE), emits blue light, and the other, PFBT, emits green while also quenching the PPE fluorescence (provided the two are in close proximity).
As a result, aggregation of the NPs, driven by copper-induced MC dimerisation, can initiate the energy transfer, with an effectiveness -measured as the ratio of the green to the blue emission -proportional to the concentration of Cu 2+ .
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In addition to sensing capabilities, metal cation binding to spiropyran polymers has other interesting implications. For instance, light-controlled complexation of Zn 2+ ions resulted in reversible modulation of ionic conductivity. 261 While conductivity changes were small (o10%), a related polymer incorporating both spiropyran and crown ether moieties 262, 263 (capable of reversibly binding Li + ) provided light-controlled two-fold modulation of ionic conductivity. 264 The bound metal ions can also be chemically reduced, as shown for Pd 2+ ions complexed by spiropyran polymers in the form of so-called honeycomb films. 265 Exposure of these Pd-rich films to a borohydride solution resulted in the formation of metallic palladium with a morphology reflecting that of the underlying honeycomb films. 142 The complexed Pd 2+ could also serve as a catalyst for electroless plating of silver. 266 Notably, the latter two studies represent new approaches to creating nanostructured metallic surfaces.
Photocontrol of other polymer properties
In addition to binding metal ions, the MC isomer can also interact strongly with amino acids and cyanide anions, and the binding abilities of various spiropyran polymers could indeed be reversibly activated with UV light, 267 with the detection limit of CN À down to the impressive 500 nM. 268 When the photoisomerisation process occurs at relatively low pH values, it is accompanied by proton capture/release, according to the
in the solution concentration of the H + ions was observed as the protonated merocyanine units were exposed to visible light. 221 Angiolini et al. took advantage of this light-regulated proton binding to construct a family of chiroptical switches based on polymers functionalised with both spiropyran and an optically active pyrrolidinyl moiety linked to an azopyridine group. With the increasing basicity of the building blocks in the order SP o azopyridine o MC, proton shuffling between azopyridine and the SP-MC pair was enabled and observed both within copolymers incorporating spiropyran and azopyridine as parts of the same polymer chain, 269 and between poly(spiropyran) and poly(azopyridine) homopolymers. 270, 271 The proton transfer occurred reversibly and resulted in pronounced changes in the circular dichroism (CD) spectra. A variety of polyacrylates [272] [273] [274] [275] and polysiloxanes 276, 277 incorporating both SP and mesogenic units have been synthesised. Although the primary motivation was the development of reversible optical data storage, [278] [279] [280] [281] other fascinating properties, such as transient birefringence 98, 282 and second harmonic generation, [283] [284] [285] have also been observed in these systems. In another study, spiropyran-decorated polyacrylamide hydrogel was used to fill the empty spaces between regularly arranged polystyrene colloidal spheres, giving rise to so-called polymerised crystalline colloidal arrays (PCCAs). 286 The regular packing of the colloids resulted in the diffraction of incident light of a wavelength which was defined by the particle spacing. Photoisomerisation of spiropyran resulted in reversible contraction and expansion of the gel matrix -during which the crystalline arrangement of the colloidal spheres was retained. As a result, a reversible shift in the diffraction wavelength of as much as B11 nm was observed. 286 An as of yet unrealised challenge is the ability to control the electronic properties of conductive polymers using light. Several polymers have been synthesised for this purpose, 141, 287 including ones with the spiropyran units incorporated into the polymer chain. [288] [289] [290] Finally, in an interesting application demonstrated recently, 291 a thin layer of a polyspiropyran lying between solid surfaces and multilayer films grown by the layer-by-layer technique enabled an easy, light-induced detachment of these films from the underlying substrate -a task which could be difficult to realise otherwise.
Spiropyran-functionalised biopolymers
Functionalisation of Nature's macromolecules with artificial molecular photoswitches opens up the attractive possibility of influencing various biological processes using light. In the highly polar environments of biological systems, spiropyran exists in the MC form, and the isomerisation to SP can be accomplished with visible light; SP -MC reisomerisation takes place spontaneously. The negative photochromism represents a major advantage by enabling the reversible switching to be accomplished without the use of UV -a stimulus which is (i) potentially harmful as far as the often sensitive biological systems are concerned; and (ii) induces fatigue to a much greater extent than visible light (consequently, many systems covered in this section have been reported to be ''fully reversible''). Functionalisation of various biomacromolecules with spiropyran is straightforward and can be accomplished in a single step using reagents 21 and 22 (Fig. 13A ) -a spiropyran anhydride and an active ester, respectively. These molecules readily react with free amino groups on the surfaces of biopolymers via amide bond formation, and have emerged as universal reagents for rendering biopolymers photoresponsive.
Photocontrol of polypeptide conformation
Inspired by the elegance with which biological systems use photons to initiate biochemical processes, several groups have investigated the structural properties of polypeptides decorated with spiropyran units. 292 First such photochromic polypeptidesspiropyran-functionalised poly-L-tyrosine 293 and poly-L-lysine 294 - were synthesised by Smets and co-workers, but no effects of photoswitching on conformational changes (Fig. 13B) were reported until two decades later when Ciardelli et al. studied the behaviour of spiropyran-decorated poly-L-glutamic acid. 295 Fig . 13C shows representative CD spectra of hexafluoropropanolic solutions of poly-L-glutamic acid having 41 mol% of the side chain -COOH groups functionalised with spiropyran. In this figure, i corresponds to a dark-adapted, MC-rich polypeptide, and the spectrum is typical of that of a random coil. By contrast, exposure to visible light generated a colourless (SP) solution with spectrum ii, whereby the two minima at 208 and 222 nm are characteristic of the a-helix (the fraction of the chain adopting the helical conformation was estimated at 45%). The change was remarkably fast and took as little as 5 s of irradiation with l = 525-575 nm. 295 Thermal relaxation to the original disordered conformation (ii -vii) was significantly longer (e.g. 24 hours), but could be accelerated by placing different substituents on the spiropyran moiety. 296 The reversible helix 2 random coil transformation could be repeated over many cycles, and was shown 297 to occur in a stepwise manner via an intermediate thought to be a solvated helix. In addition to changes in the CD spectra, the folding process could be followed by viscosity measurements. A significant decrease in viscosity accompanying the MC -SP isomerisation could not be rationalised by the isomerisation reaction alone; recall from Section 2.2 that the viscosities of spiropyrandecorated polymethacrylate solutions decreased by up to 50% upon visible light irradiation, whereas those of functionalised poly-L-Glu dropped by 250-300%. 298 In the present example, this enhanced effect was attributed to the conformational change, the a-helix being much more compact than the random coil. Interestingly, such photoinduced conformational changes were also observed at the water-air interface. 299, 300 It is important to emphasise that the SP isomer does not, strictly speaking, stabilise the helical conformation -in fact, the native poly-L-Glu lacking any SP readily folds into an a-helix under similar conditions -rather, the helical structure is disrupted by the MC isomer. This can be appreciated from Fig. 13D , where poly-L-glutamic acids decorated with 25 and 85 mol% SP both have B85% helical content. Upon thermal relaxation, however, the 85 mol% MC polypeptide adopted a completely disordered structure, whereas the 25 mol% MC one retained 55% of the helical content. 301 In other words, the fraction of the photoinduced a-helix could be regulated by the degree of functionalisation of the side chain -COOH groups with spiropyran. How exactly MC destabilises the a-helical conformation has been a matter of some debate; however, strong MC-MC interactions involving the open form of the switch seem to play a key role. These interactions can be either attractive 298 or repulsive, 302 depending on whether the open form is in the zwitterionic (MC) or in the protonated (MCH + ) state, respectively. In one elegant study, the unfolding process was shown, by means of UV-Vis spectroscopy, to be accompanied by the formation MC dimers. 301 On the other hand, molecular dynamics simulations suggest the existence of hydrogen bonding interactions between the MC's phenolates and the unfunctionalised Glu's carboxylic acid groups. 303 Photoinduced conformational changes are not limited to poly-L-Glu: for example, poly-L-lysine -another polypeptide with a tendency to adopt an a-helical conformation -showed analogous behaviour upon the attachment of spiropyran moieties to the side chain -NH 2 groups (Fig. 13E) . 304, 305 However, it is important to note that structural properties of both poly-L-Glu and poly-L-Lys (and other polypeptides in general) are strongly environment-dependent 306, 307 and that the reversible, lightinduced conformational changes described above were observed only in selected solvents. Recently, a more general approach to controlling polypeptide conformations was introduced, which is based on a spiropyran-based crosslinker within a rationally designed peptide sequence. 308 This crosslinker acted as a reversible ''hinge'', inducing different degrees of helicity (48% for the darkadapted MC vs. 62% for the Vis-exposed SP) in an otherwise disordered polypeptide chain (12% helicity in the native peptide).
Although the light-induced conformational changes were only moderate, the advantage of this approach is that it is expected to operate in a range of different environmental conditions.
Photocontrol of enzymatic activity
Enzymes whose catalytic activity can be modulated using light represent a highly attractive target as far as the control of the properties of biomacromolecules with external stimuli is concerned. Research in this field has been pioneered by Suzuki et al., who demonstrated three different modes of photoregulating enzymatic activity -all based on immobilised spiropyrans (Fig. 14) . 309 Initial studies based on this approach date back to as early as 1975 and deal with the enzyme a-amylase 310,311 -an example which is here discussed as a case study. a-Amylase, the enzyme hydrolysing a-linked polysaccharides, was functionalised with excess of 21, and a solution of the resulting protein had a red colour indicating that the spiropyran was in the MC form. As could be expected, this modification significantly (by 64%) decreased the enzymatic activity as compared to the native a-amylase; importantly, however, exposure to visible light (amyloseÁMC -amyloseÁSP) reduced the activity by a further 18-36%. 310, 311 While being rather small, this change can be appreciated given that only 2 out of B900 amino acid residues were modified with spiropyran.
When left in the dark, the protein regained its original activity due to thermal SP -MC re-isomerisation. It has been speculated that the hydrophobic nature of SP prevented the enzyme from interacting efficiently with its substrate -the hydrophilic amyloseresulting in decreased catalytic activity. A related enzyme b-amylase responded similarly, and the changes were much more pronounced: exposure to visible light reduced the activity by as much as 87%. 312 In principle, however, the effect of switching on catalytic activity is difficult to predict a priori: modified b-glucosidase (another enzyme which hydrolyses polysaccharides), for example, was more active when its spiropyran residues were in the closed form. 312 A mechanism by which the MC groups deactivate their ) interactions perturbing the active conformation of the protein -in fact, it has been shown by dynamic light scattering (DLS) that modified concanavalin A undergoes shrinkage upon SP -MC isomerisation, 313, 314 resulting in decreased binding 315 of the protein's monosaccharide substrates. Similarly, a-chymotrypsin could be partially deactivated by converting the SP moieties on its surface to MC. 312, 316 Other enzymes which were modified by the same approach and subsequently showed photoregulated catalytic properties include urease, 317 glucose oxidase (GOX), 318, 319 and horseradish peroxidase (HRP). 320 This last example is worth highlighting because of the large changes in activity exhibited by the enzyme upon photoirradiation. HRP equipped with 8-9 spiropyran groups per protein molecule readily catalysed the oxidation of a model compound when the switch was in the MC form, whereas exposure to visible light reduced the reaction rate by as much as 92% (Fig. 14B) . 320 An even more impressive change was facilitated by an approach based on the lightinduced precipitation of the enzyme from the solution. To achieve this goal, Ito and co-workers prepared a construct comprising the enzyme subtilisin and a photoswitchable random copolymer pre-synthesised from (i) methacrylic acid, (ii) methyl methacrylate, and (iii) a spiropyran-appended methacrylate. 321 The resulting hybrid subtilisin carried as many as B30-80 spiropyran moieties per protein molecule, which provided a unique hybrid system with dramatic photoresponsiveness. For example, the hybrid formed well-defined solutions in toluene, from which it could be quantitatively precipitated upon exposure to UV light (Fig. 14C) , thus effectively shutting down its catalytic activity in a transesterification reaction. Notably, the catalytic efficiency of the hybrid enzyme did not change after three precipitation-solubilisation cycles. 321 The second strategy to manipulate enzymatic activity with light is based on photoswitchable inhibitors -that is, inhibitors whose affinities to native enzymes depend on the light to which they are exposed (Fig. 14D) . 322 For example, ovomucoid, a protein also known as trypsin inhibitor, was functionalised with spiropyran using the generic reagent 21. 323 The photoinhibition effect of the modified ovomucoid towards native trypsindefined as the ratio of the amount of trypsin inhibited by unit mass of the inhibitor under visible light vs. in the darkdepended on the degree of functionalisation with SP; it was established that the highest effect was exhibited by ovomucoid having 2 of its 10 amino groups modified with spiropyran. Specifically, this modified inhibitor showed a photoinhibition effect of 0.72, indicating that the inhibitor functionalised with MC interacted with trypsin more strongly than when appended with SP. 323 This difference has been attributed to the electrostatic stabilisation of the enzyme-(inhibitorÁMC) binding (the activity of the inhibitor decreased with increasing ionic strength of the solution). Finally, photoswitchable catalysis can be achieved using native enzymes which have been non-covalently associated with photoswitchable membranes (Fig. 14E) . Such photoresponsive environments can be easily prepared by modifying inexpensive biomacromolecules such as collagen fibrils and agarose gels with 21. Suzuki et al. were the first to show that various enzymes embedded in such membranes display lightdependent activities, despite not being chemically attached to the SP species. Generally, these different systems all showed that the rate of the catalytic reaction (e.g. urease-catalysed urea hydrolysis; lactate dehydrogenase-catalysed lactate oxidation) was decelerated upon exposure of the MC-gels (negative photochromism) to visible light. The changes, however, were small: the activity of trypsin, 324 lactate dehydrogenase, 325 and urease 326 -all embedded in spiropyran-functionalised collagen -dropped by 22%, 37%, and B50%, respectively. Similarly, the rate of hydrolysis catalysed by trypsin associated with a spiropyran-agarose gel decreased by 33%. 327 The differences in reaction rates could be attributed to environment-dependent diffusion coefficients of the reaction substrates: MC-rich media can be hydrated more readily than their SP counterparts, thus enabling efficient transport of solutes and their delivery to the enzymes (it has been shown, for example, that urea hydrolysis catalysed by a spiropyran-collagen gel is a diffusion-limited process 328 ). In certain cases, however, the visible light-decreased reactivities could not be accounted for by the diffusion effects: e.g. both lactate and NAD -substrates for lactate dehydrogenase -diffused faster through SP-than through MC-collagen membranes (presumably due to their attractive interactions with the MC groups). It was speculated that the hydrophobic microenvironment around the lactate dehydrogenase imposed by the SP moieties may directly destabilise the enzyme. 325 Whether an enzyme-catalysed reaction will be accelerated or suppressed by visible light depends also on the nature of the reaction. A chymotrypsin-catalysed plastein synthesis -a process during which peptide bonds form as opposed to being hydrolysed -proceeded more efficiently in SP-rich agarose gels. 329 The authors hypothesised that the hydrophobic microenvironment promoted a reaction in which water molecules are consumed. 329 In a remarkable example supporting this reasoning, the direction of a reaction -esterification vs. ester hydrolysis -could be controlled by the state of spiropyran. 330 Specifically, a Vis-irradiated spiropyran-agarose gel promoted esterification of N-acetyl-L-tyrosine with ethanol, whereas in the dark, the respective ester was hydrolysed. In an elegant demonstration of this behaviour, this ester could reversibly be formed and subsequently quantitatively hydrolysed upon exposure to visible light and dark adaptation, respectively, over several cycles. 330 
Photocontrol of transport through biopolymers
In the last mode of light-controlled catalysis discussed above, 325 the rate of diffusion through spiropyran-functionalised gels depended on the state of the switch. Another example of such behaviour was found during studies on cytochrome c (Cyt c), which interacted more strongly with the SP isomer of spiropyran immobilised on an agarose gel, such that B46% of the protein bound under visible light could subsequently be released in the dark. 331 While the interactions with SP/MC alone are not selective enough as far as mixtures of proteins are concerned, co-functionalisation of the stationary media with the photoswitchable groups and specific enzyme inhibitors at the same time could greatly increase binding selectivities of selected proteins, which, in combination with the light responsiveness, has become the basis of a technique called light-enhanced affinity chromatography. The principle of this technique is based on the empirical observation 332, 333 that the strength of an enzyme's interaction with immobilised inhibitors depends on whether the nearby photoswitch molecules are in the SP vs. the MC form. For example, trypsin interacted strongly with spiropyranfunctionalised agarose gel appended with the soybean trypsin inhibitor in the dark (whereby spiropyran existed in the MC state due to negative photochromism), but could be released upon exposure to visible light. The potential of this technique was demonstrated by the purification of crude trypsin from bovine pancreas: light-induced elution from a column packed with the modified agarose gel led to 21-fold purification of the enzyme. 333 Notably, the opposite binding pattern was observed when the spiropyran-agarose gel -now co-functionalised with aspartate residues -interacted with the enzyme asparaginase. While the enzyme bound strongly to the visible light-irradiated, SP-rich gel, it was readily released in the dark, leading to 90-fold purification of the crude enzyme. 332 It is worth emphasising that asparaginase interacted with the aspartate residues, and not with the photoswitch -in fact, no binding was observed between the enzyme and a spiropyran gel lacking any aspartates. Instead the mode of action of the switch was thought to involve reversible modulation of the ionic strength in the proximity of the enzyme-ligand interaction site.
Photocontrol of DNA hybridisation
The ability to reversibly unwind the DNA double helix using light could be used to phototrigger a variety of biological processes. A rationale behind using spiropyran as a building block for photoswitchable DNA is that its MC isomer bears much more structural resemblance to the DNA bases than the SP form. Consequently, one might expect a preferential ability of MC to participate in p-p stacking interactions with the DNA bases, and consequently to increase the stability of the double helix. This hypothesis was verified in a study based on a spiropyran-terminated homothymidine (T 8 ). Indeed, the melting temperature of this oligonucleotide increased from 18.0 1C to 21.6 1C upon SP -MC isomerisation, 334 suggesting that within this narrow temperature window, reversible, light-induced duplex formation/melting was possible. Functionalisation of long-chain DNA was also reported, whereby control of the extent of functionalisation with SP was demonstrated -again, efficient isomerisation of the switch was observed. 335 Recently, more sophisticated spiropyran-functionalised DNA molecules were synthesised, incorporating the photoswitch at the center of the chains. Within this context, spiropyran was found to be resistant to UV irradiation. 336 The authors hypothesised that this lack of responsiveness was due to quenching of the triplet state of spiropyran by neighbouring DNA bases.
Photocontrol of volume phase transitions in thermoresponsive polypeptides
Elastin-like polypeptides (e.g. (VPGVG) n polymers) show behaviour analogous to that of thermoresponsive polymers (cf. Sections 2.1 and 2.3) in that they precipitate from aqueous solutions concurrent to a temperature increase. The temperature at which the transition occurs is referred to as the inverse transition temperature (T t ; compare with LCST). 337 To investigate the possibility of modulating phase transitions in elastin-like polymers using light, Rodríguez-Cabello and co-workers prepared a random copolymer [(VPGVG) 0.74 (VPGEG) 0.26 ] n , and functionalised the side chain -COOH groups with spiropyran moieties via esterification.
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The dark-adapted photostationary state of the resulting polymer contained approximately equal fractions of SP and MC, and the polypeptide had a T t E 13.5 1C, a value which could be decreased to B10 1C and increased to B20 1C upon exposure to visible and UV light, respectively. Subjecting a solution of this polymer to alternate cycles of visible and UV light irradiation at T = 14 1C increased the population of SP and MC, respectively, to the extent that the polymer reversibly precipitated and redissolved. Remarkably, these drastic solubility changes could be achieved with a polymer equipped with as little as 2.3 spiropyran groups per 100 amino acid residues.
Photocontrol of protein folding
A fascinating idea of employing the reversible SP 2 MC isomerisation for triggering conformational changes of nearby protein molecules was investigated by Akiyoshi et al. 339 These researchers prepared nanoparticles of gels (''nanogels'') made of the polysaccharide pullulan functionalised with spiropyran. An intentionally misfolded protein -citrate synthase (CS) -was then interfaced with the nanogels, and the rate of its refolding to the native conformation, estimated by the rate of recovery of the enzyme activity, was probed under different types of irradiation. Specifically, denatured CS exhibited 32% of the native enzyme activity when no nanogels were added. Upon the addition of a nanogel containing both the SP and the MC forms of the switch, CS activity increased to 61%. Interestingly, however, when the protein was first incubated with the same SP + MC gel for a short time, and then exposed to visible light which gave rise to an all-SP nanogel, 81% of the native CS activity was regained. Clearly, the MC -SP isomerisation induced extra refolding in a process perhaps reminiscent of the mode of action of the natural chaperones, which undergo ATP-driven conformational changes thereby refolding misfolded proteins bound in their cavity. Unfortunately, only one switching cycle was reported, and the question of if and how the amount of refolded protein would increase by repeated UV-Vis cycling remains. Nevertheless, this study represents an important step toward a rational development of synthetic machinery with chaperone-like activity.
Photocontrol of transport through natural nanopores
The large change in polarity accompanying the SP 2 MC isomerisation is critical in the design of light-actuated nanovalves. 340, 341 Such ''smart'' nanovalves are based on a natural channel protein found in Escherichia coli known as the mechanosensitive channel of large conductance (MscL). In the bacteria, the valves are embedded within the membranes and, under normal conditions (that is, no significant difference in osmotic pressure on the two sides of the membrane), the native MscL is ''closed'' -as a consequence of hydrophobic interactions between non-polar amino acid residues located inside the channel. It has been found, however, that substituting a single, strategically positioned hydrophobic glycine residue with polar amino acids leads to increased hydration of the pore, and consequently increased channel mechanosensitivity. 342 Based on this knowledge, Feringa, Meijberg, and co-workers prepared an MscL mutant wherein the Gly residue was substituted with cysteine, and then post-synthetically modified the resulting protein using a cysteineselective alkylating agent comprising an iodoacetate group and a spiropyran moiety. 340 As predicted, the reversible hydrophobic 2 hydrophilic isomerisation of spiropyran which was thus installed within the channel enabled opening and resealing of the channel, respectively. The utility of these nanovalves was demonstrated by performing light-controlled transport of a fluorescent dye across a membrane incorporating the modified nanopores.
Spiropyran as a probe for the analysis of biological microenvironments
We saw in Section 2.3 how the open form of spiropyran could act as a colorimetric sensor of the polarity of its microenvironment in the context of phase transitions in thermoresponsive polymers (cf. Fig. 9E ). Importantly, environment-dependent properties of the switch can also be employed in order to tackle meaningful biological questions. Imanishi et al. synthesised several spiropyran-functionalised oligopeptides, all with the sequence corresponding to the shortest active fragment of melittin, and equipped them with the photoswitch at different positions of the sequence (melittin is the active component of honey bee venom, and it is responsible for cell membrane lysis). These different peptides were exposed to UV light, and the rate of thermal MC -SP re-isomerisation in the presence of lamellar vesicles (mimicking cell membranes) was followed spectroscopically. 343 The isomerisation rate was shown to be dependent on the location of the photoswitch, ranging from fast decay of the MC signal when the probe was at the C-terminus of the peptide, to an indefinite stabilisation of the coloured form for the N-terminus-functionalised peptide (negative photochromism). Placing the MC probe at the center of the peptide sequence resulted in an intermediate decay rate. These results indicate that the C-terminus of the peptide was located in the hydrophobic part of the vesicles, whereas the N-terminus was exposed to the aqueous environment. In an interesting extension of this study, light-stimulated lysis of membranes incorporating spiropyran-containing melittin fragments was demonstrated. 344 Similarly, Mihara et al. developed a technique called photochromism-based assay, which is based on spiropyranfunctionalised polypeptides having specific protein-binding sequences. Again, the peptides were pre-exposed to UV light, and, the rate of MC -SP re-isomerisation was followed by measuring the decay of fluorescence due to the MC isomer. 345 Attractive interactions with the target protein molecules were evidenced by an emission decay rate different from that of the same peptide in a protein-free solution. These differences could stem either from the different dielectric constant of the new microenvironment around the switch, or from the steric hindrance imposed by the target protein molecule. Based on how a given protein affected the emission behaviour of eight different spiropyran-containing polypeptides, it was assigned a specific ''barcode'', by which it could then be recognised. Using this strategy, six different proteins could unambiguously be identified. The same authors also described a closely related method: the chromism-based assay (CHROBA), which has been useful in detecting the phosphorylation activity of kinases. 346 The assay is similarly based on spiropyran-functionalised polypeptides -in this case substrates for specific kinases. For example, one such peptide contained the so-called Kemptide sequence (LRRASLG-NH 2 ) -a kinase A-specific substrate -having spiropyran covalently attached to its C-terminus (S indicates the serine residue which can be phosphorylated). Following phosphorylation (or lack thereof), this peptide was incubated with polyelectrolytes -poly(L-lysine), poly(L-arginine), and/or poly(L-aspartic acid) (Fig. 15) . Since each phosphorylation event entails the introduction of two negative charges (at nearphysiological pH), phosphorylated peptides are expected to interact differently with the polyelectrolytes: specifically, their binding with poly(lysine) and poly(arginine) should be stronger, whereas with poly(aspartic acid) -weaker upon phosphorylation. Association with a polyelectrolyte is, in turn, expected to suppress the rate of spontaneous SP -MC isomerisation (solutions are pre-exposed to visible light), now taking place in a viscous microenvironment of the polyelectrolyte. 347 This isomerisation could be followed fluorometrically or even colorimetrically 348 -that is, visual inspection of the samples allows one to discriminate the original, non-phosphorylated substrates from the modified ones, or, in other words, to detect the presence of a given kinase (e.g. it was established that the lower limit for the detection of kinase A is B0.1-1.0 mg mL
À1
). A significant advantage of CHROBA over traditional phosphorylation assays is that it avoids the need to use immobilised protein substrates or laborious isolation steps.
Spiropyran-functionalised inorganic nanoparticles
Decades of research in the modification of planar inorganic surfaces with organic ligands provide important lessons as far as modification of nanostructured particles is concerned. In principle, the choice of the ligand monolayer depends on the chemistry, but not the curvature of the solid substratethat is, the same chemical functionalities can be used for the modification of planar and nanostructured surfaces. Accordingly, gold NPs have been functionalised with spiropyranterminated thiols, 349, 350 silica shells of upconverting nanocrystals (UNCs) were modified with a spiropyran-terminated silane, and so on. An attractive alternative to the above place-exchange methods is provided by ''post-synthetic'' modification of SAMs -a strategy particularly useful in the case of chemically sensitive NPs. For example, alkyne-terminated CdSe quantum dots underwent further modification via the copper-catalysed [3+2] cycloaddition -e.g. with an azide-appended small-molecule spiropyran.
351,352
Photocontrol of nanoparticle fluorescence
The ability of spiropyran to switch between an optically transparent SP and a strongly absorbing, fluorescent MC form enables the reversible control of FRET; several examples of modulating the fluorescence of organic fluorophores 353 have been covered in Section 2.1. This concept can be extended to inorganic fluorescent NPs by functionalising their surfaces with spiropyran molecules, 9 and has to date been demonstrated for four different classes of such materials: CdSe-ZnS coreshell quantum dots (QDs), gold clusters, carbon nanodots, and rare-earth nanophosphors. In all of these cases, the inherent fluorescence of the NP cores can effectively be ''turned off'' and ''on'' as a consequence of the reversible isomerisation of the photoswitch. It is worth recalling, however, that the excitation wavelength should be adjusted such that it does not induce the SP -MC or MC -SP photochemical isomerisation. Fortunately, quantum dots can be excited with a wide spectrum of wavelengths, such that those fulfilling the above condition can easily be identified. Medintz and co-workers were the first to interface CdSe-ZnS core-shell QDs with spiropyran, employing a rather complex immobilisation approach based on decorating the ZnS shells with a pentahistidine sequence appended to the C-terminus of the maltose binding protein, which had been modified with spiropyran using an active ester similar to 22 in Fig. 13 . 354 The number of switch units per protein molecule could be varied between 1 and 5, thereby allowing placement of various numbers of spiropyran moieties on each QD, and ultimately control of FRET efficiency (e.g. B25% and B60% for proteins carrying 1 and 5 spiropyran units, respectively). The same NPs were subsequently functionalised with spiropyran using a simpler approach based on thiolate self-assembled monolayers (SAMs). 175 When covered with the SP isomer and excited with l = 420 nm, these 5 nm NPs emitted green light, as shown in Fig. 16A , left. Exposure to only 5 seconds of UV, however, activated FRET and the excited solution assumed a red colour typical of MC emission ( Fig. 16A, right) . The process is reversible and NPs' emission can be restored using visible light (Fig. 16B) . Fig. 16C provides an elegant manifestation of the importance of the overlap 355 of MC's absorption and the nanocrystals' emission for effective FRET. One can see that for any given number of MC per NP, FRET is most efficient for the largest, 6 nm QDs. This seemingly counter-intuitive result can be understood by taking into account the maximum emission wavelengths of the differently sized QDs: l em E 523 nm for 4 nm NPs, l em E 546 nm for 5 nm NPs, and l em E 578 nm for 6 nm NPs (compare with MC absorption at B580 nm). Hence, MC absorption coincides with the emission of the QDs that are 6 nm in diameter (it is worth emphasising that as little as 10% surface coverage of the 6 nm NP with the MC groups can reduce as much as B50% of the original emission intensity). On the other hand, the poor overlap of MC absorption with the emission of the 4 nm QDs is reflected by only mediocre FRET values of these small NPs. Analogous results were reported for spiropyran-functionalised fluorescent gold nanoclusters. 349 The emission of these dots, comprising on average only eight gold atoms each (l max E 480 nm), partially overlapped with the absorption spectrum of the open form of spiropyran. As a result, fluorescence of Au 8 decorated with a spiropyran thiol could efficiently (by B90%) and reversibly be quenched upon irradiation with UV light. The same methodology has been applied to spiropyran-modified 3 nm carbon nanodots, 356 with a blue emission at l max E 510 nm (Fig. 16D, left) . Following UV exposure, efficient FRET occurred, and the dots emitted red light (Fig. 16D, right) . As Fig. 16E shows, blue emission intensity decreased by B80% even after ten cycles of switching. Finally, Yan et al. reported a very interesting example of selective silencing of only one emission channel of dual-emissive NPs (Fig. 16F) . 357 These researchers synthesised a trimethoxysilyl-terminated spiropyran and used it to functionalise silica-coated NaYF 4 :Yb,Er@CaF 2 UNCs (''rare-earth nanophosphors'') ( Fig. 16G, inset) . The fluorescence spectrum of as-prepared UNCs is shown in Fig. 16G : when excited with a near-infrared (980 nm) laser, they show two sharp bands centered at B540 nm and B660 nm, corresponding to green and red emission, respectively. Upon exposure to UV, SP -MC isomerisation takes place, and the resulting MC absorption strongly overlaps with the green emission channel of the UNCs; consequently, green emission is quenched by as much as 94% ( Fig. 16H ; note that, interestingly, MC's own emission coincides with the red emission channel of the UNCs). The system was remarkably reversible, with barely any degradation observed after ten switching cycles. 357 
Photocontrol of nanoparticle solubility
Control of the stability of colloidal suspensions using light can be achieved by decorating the particle surfaces with monolayers of spiropyran. Typically, the non-polar character of the SP isomer ensures good solubility of SP-coated particles in apolar solvents; these suspensions can then be destabilised -and the particles flocculated -upon generation of the polar MC isomer by exposure to UV light. In addition, aggregation can also take place due to attractive MC-MC and MC-SP interactions between moieties located at different particles. Seminal reports on the photocontrol of colloidal stability were published in the mid-nineties by Ueda and co-workers, who worked with spiropyran-functionalised 150 nm silica particles. 108, 358, 359 They found, for example, that such (transparent) suspensions in CCl 4 were relatively stable under ambient light, but when exposed to UV, red solids rapidly precipitated. These initial studies highlighted the importance of the solvent on the particles' behaviour: when the medium was too hydrophobic (e.g. cyclohexane), NPs quickly sedimented irrespective of irradiation, whereas other solvents (e.g. CHCl 3 ) stabilised NPs decorated with both isomers of the switch equally well (compare with Fig. 17D ).
More recently, Bell et al. worked with similar systems comprising B300 and B900 nm silica spheres functionalised with spiropyran polymers synthesised via surface-initiated ATRP (Fig. 17A) . 49, 360 Exposing the relatively stable toluene suspension of these particles to UV resulted in rapid precipitation of red solids, and SEM confirmed the presence of aggregates ( Fig. 17B and C) . 125 Again, the behaviour was strongly solvent-dependent, as evidenced by rates of sedimentation under UV or Vis light -for example, while the strong effect of light on solubility was observed in toluene (specifically, the sedimentation rate was enhanced B335 times in the presence of UV), particles decorated with either SP or MC sedimented rapidly in o-xylene, and could efficiently be stabilised in THF irrespective of the isomer (Fig. 17D) . These light-controlled dispersibility changes imply that in a biphasic system comprising a polar and an apolar solvent, the particles might be able to undergo a reversible phase transfer. A realisation of this remarkable concept has recently been reported using B400 nm diameter SiO 2 spheres which have been chemically functionalised with a spiropyran polymer. 102 The behaviour of this system is shown in Fig. 17E and F; in pure toluene, UV irradiation caused an almost colourless suspension of the particles to turn purple and quickly sediment (Fig. 17E) . The presence of the additional aqueous phase allowed this precipitate to be effectively resuspended (Fig. 17F) . In both cases, exposure to visible light regenerated the original toluene suspension via simple resuspension or phase transfer for the one-and two-phase systems, respectively. Notably, at intermediate stages of irradiation the silica spheres behaved as ''colloidal surfactants'' able to stabilise water-toluene emulsions. 102 What are the implications of reversible, light-controlled selfassembly of nanoparticles? In one interesting example, Louie et al. showed that light-induced aggregation of spiropyrancoated magnetic iron oxide NPs could modulate the spin-spin (T2) relaxation time of adjacent water protons. 361 Surface chemistry of these NPs was tailored so as to induce negative photochromism and ensure good water solubility of the particles in the dark. Indeed, DLS showed that aggregation commenced upon exposure to visible light, and it entailed reduction in the T2 relaxation time from B37 to B25 milliseconds -results which are of potential interest for the development of new types of ''smart'' MRI contrast agents. As first demonstrated by Ueda's studies on silica colloids, aggregation properties of SP/MC-coated particles depend strongly on the polarity of the medium. In solvents stabilising both isomers the NPs display good solubility, yet aggregation can still be induced upon the addition of metal ions -provided the switch is present in the MC form (compare Section 2.6). This property inspired Wang, Jiang et al. to develop a series of logic gates whose key components were spiropyran-functionalised gold NPs in combination with metal ions. 350 One such logic gate capable of performing an AND operation is shown in Fig. 17G . Neither UV light nor Cu 2+ alone affects the state of the NPs dissolved in ethanol; however, when both of these ''inputs'' are present, aggregation commences, resulting in the colour change ( Fig. 17G, bottom right) . Importantly, the NP aggregates could be disassembled (and the gate allowed to ''reset'') upon exposure to visible light, which re-isomerised MC back to SP. Similarly, OR and INHIBIT logic gates were realised by using other metal ions and EDTA, respectively, as additional components. 350 In addition to metal cations, MC-coated NPs can also interact with amino acids, which suppress the MC -SP re-isomerisation rate. 362 
Spiropyran-functionalised solid surfaces
Having discussed spiropyran-functionalised polymers, biopolymers and inorganic NPs, we conclude with inorganic solid-state materials having their surfaces covalently modified by spiropyrans. Similar to inorganic NPs, the surface modification strategy is dictated by the chemical composition of the solid substrate. However, UV-Vis spectroscopy, which is routinely used to monitor the SP-MC isomerisation in solution, is hardly applicable 48, 363, 364 to single layers of molecules on solid substrates because of the very short optical pathways. This forces one to resort to other tools as discussed below in Section 5.1. Conversely, immobilisation on solid surfaces offers one the unique opportunity to study the isomerisation process using force microscopy techniques, and several meaningful conclusions from such studies follow. Picraux et al. employed interfacial force microscopy to probe isomerisation within diluted monolayers of spiropyrans on glass. 365 Studies performed in air showed an increase in the dipole moment upon UV irradiation, with the dipoles pointing towards the surface (consistent with the mode of attachment of the switch to the substrate). Reversible changes in the dipole moment were observed upon alternating UV and Vis irradiation, and the gradual decay of the difference could be attributed to the fatigue effects. Measurements carried out on the same monolayers in a polar liquid, on the other hand, provided evidence for a partial positive charge of the open-ring isomer (due to MCH + ). Depending on whether the tip was negatively (bare silica) or positively (amine-coated silica) charged, the long-range force was attractive or repulsive, respectively. 365 In another elegant study, Kimura and co-workers went a step further and immobilised spiropyran on both the AFM tip and the substrate. 366 Adhesion forces between the tip and the surface increased substantially (by B50%) under in situ UV irradiation in ethanol, which could be attributed to direct MC-MC interactions. In toluene, however, no differences were seen under UV vs. Vis radiation -as expected from the low stability and fast re-isomerisation of the MC isomer in the nonpolar medium. 366 
Photocontrol of surface wettability
Perhaps the most obvious manifestation of the surface polarity switching is the change in wetting properties. 367 The MC isomer, being more polar than SP, would be expected to increase the wettability of spiropyran-functionalised surfaces by polar solvents upon exposure to UV light. Fig. 18A shows this phenomenon for water droplets lying on glass substrates decorated with mixed monolayers comprising spiropyranterminated silanes diluted with shorter, ''dummy'' silanes. 78 The dilution with background ligands, while decreasing the surface concentration of spiropyran, enhanced wettability change by virtue of promoting efficient isomerisation, increasing contact angle variation from B51 to B131. Still, the change seen in Fig. 18A is much smaller than what one might expect from a hydrophobic-to-zwitterionic change in the character of the photoswitch. Some clues of why this may be come from the employment of diverse experimental techniques to study on-surface isomerisation processes. For example, Brewster angle reflectometry, 109 X-ray photoelectron spectroscopy, 48 and atomic force microscopy 365, 368 all suggest that the yield of ring opening is far from quantitative (B10-20%), even within diluted monolayers very similar to those from Fig. 18A . 109 On the other hand, sum frequency generation (SFG) vibrational spectroscopy proved invaluable in probing the orientation of the photoswitch with respect to the underlying surface. 369 When p-polarised beams are used for the SFG measurements, the method is sensitive to vibrational modes perpendicular with respect to the underlying surface. The authors identified symmetric and antisymmetric stretching modes of the spiropyran's nitro group as diagnostic of the isomerisation process, and concluded that in the open form, the NO 2 group points away from the surface. This orientation of the molecule hinders the negatively charged oxygen atom away from the environment, and as a consequence, MC-functionalised surfaces retain much of the hydrophobic character of the SP-decorated ones 369 -in agreement with the high values of the water contact angles before and after UV irradiation.
Research in the field of photoswitchable surfaces is motivated in part by the quest for new, efficient ways to direct the motion of liquids in thin channels of the ever-shrinking microfluidic devices. The photoswitchable wettability change shown in Fig. 18A was sufficient to raise the water level in 500 mm-thick glass capillaries functionalised with the same monolayer by 2.8 mm -an interesting demonstration dubbed ''photocapillarity'' 78 -but was not large enough to induce a reverse effect upon MC -SP re-isomerisation. A general condition for a droplet to move 33 along a spiropyran-functionalised surface is that the advancing contact angle on an MC-rich surface be smaller than the receding contact angle on an SP-rich one -which, in principle, requires a significant difference in the advancing contact angles on surfaces coated with the two isomers. Accordingly, different approaches have been undertaken in an effort to increase contact angle variation. Locklin et al. reported that simply the addition of metal salts to a water droplet lying on a spiropyran-functionalised surface can increase contact angle difference from B151 to B351, as shown in Fig. 18B for a Co 2+ salt. 90 The reason is that under these conditions, the isomerisation takes place between SP and the MCÁCo 2+ complex as opposed to a free MC -the complex having a more hydrophilic character than the uncomplexed MC. A disadvantage of this approach is that it requires the presence of a dissolved metal salt in the droplet. An alternative strategy to amplify the change in contact angle is based on the immobilisation of spiropyran onto rough surfaces, [370] [371] [372] [373] and takes advantage of the well-known lotus effect. 374 SEM images of some such surfaces are shown in Fig. 18C and D, whereby the roughness originates from arrays of silicon nanowires and polymeric nanorods, respectively. It is generally assumed 375 that while the pronounced waterrepellent properties of nanostructured hydrophobic surfaces originate from the air trapped in the nanopores, the enhanced wettability of the hydrophilic ones can be attributed to water penetrating the pores by the capillary action. Fig. 18E demonstrates such enhanced wettability change on porous silicon substrates, with the water contact angle decreasing -reversibly 372 - by as much as 961. A record value of 1181 was reported in a conceptually different system based on a poly(NIPAM-SP) (cf. Sections 2.1 and 2.3) copolymer. 373 In the dark, the polymer was rich in the MCH + units and readily hydrated; exposure to visible light, however, generated SP, triggering dehydration of the polymer. The authors then systematically investigated the effect of substrate morphology, and showed that the transition from flat to microstructured to nanostructured surface increased contact angle difference from B241 to B791 to B1181. 373 
Photocontrol of transport through porous media
The photoswitchable systems discussed in this section are based on inorganic porous materials functionalised with monolayers of spiropyrans, and are complementary to the systems based on organic polymers covered in Section 2.4. Perhaps the simplest of such porous materials is commercial silica gel, which can be readily functionalised with desired monolayers. For example, Kimura et al. attached their ''crowned spiropyrans'' (see Section 2.6) to silica and used the resulting particles as the stationary phase for the separation of alkali metal ions. 376 The binding ability of these modified crown ethers towards metal ions is enhanced by the UV-induced generation of the phenolate group -with the enhancement being metal-dependent. For example, Li + and K + could readily be separated when the chromatography column was exposed to UV light, but virtually no separation was achieved under visible light. 376 A similar setup was employed by Zharov and co-workers, who prepared pads made from densely packed monodisperse, B170 nm silica spheres. These pads were B5 mm-thick (Fig. 19A ) and the colloidal spheres comprising them had been derivatised with spiropyran monolayers. 377 The . In this case, the setup was based on the glass nanopore electrode, which comprised a Pt disk electrode embedded at the bottom of a conical pore (Fig. 19C) . The electrode was immersed in an acidic acetonitrile solution. In order to reach the electrode, the solution molecules had to diffuse through the nanopore orifice whose diameter was in the range of 30-180 nm. 378 The voltammetric response of the channel with the narrowest (30 nm) orifice is shown as a black trace in Fig. 19D and corresponds to diffusion-limited current. This current decreased with UV irradiation (pink trace after 5 minutes), until it was reduced to background levels (red trace after 20 minutes of UV) -under these conditions, the local concentration of the MCH + groups immobilised at the pore orifice was sufficiently high so as prevent any of the likecharged [Fe(bpy) 3 ] 2+ from crossing the orifice and reaching the electrode. At the same time, visible light (5 min) induced regeneration of the neutral SP, with the faradaic current reaching the original values (blue trace), and the sequence could be repeated over at least several cycles. This mechanism of transport control based on repulsive electrostatic interactions is supported by three experimental observations, where no light-induced current modulation was observed (i) using small nanopores lacking the spiropyran coating, (ii) using large-diameter (4 mm) pores functionalised with spiropyran, and (iii) using small nanopores functionalised with spiropyran in the presence of high concentrations of a strong electrolyte, which screened the surface charge originating from MCH + . 378 In another system, similarly shaped nanochannels functionalised with spiropyran monolayers were shown to act as light-and pHoperated nanofluidic diodes. 379 Depending on whether the surface of nanochannels was positively or negatively charged, they were anion-or cation-selective, respectively. In addition, the conical shape of such charged nanochannels enabled preferential flow of ions in one direction (from the tip to the base) -that is, absolute values of ionic current at the applied voltage = +n vs. Àn V were different, resulting in current rectification. Zhai et al. functionalised the interiors of conical (B350 nm base - Fig. 19E -and B12 nm tip) nanochannels with a spiropyran monolayer and showed that ionic current under visible light (neutral SP) was, in fact, negligible and independent of pH (Fig. 19F, green traces) . When the system was exposed to UV light at pH 3, however, a high current rectification ratio of B7 was observed (Fig. 19F, red trace) , which could be attributed to the positively charged MCH + moieties on the channel walls. Interestingly, UV irradiation at pH 7 resulted in an even higher value of rectification (B30), with the current flowing in the opposite direction (indicating that cations are the majority carriers). This behaviour could be rationalised by the fact that although the zwitterionic MC groups carry zero net charge, the negatively charged oxygen atoms are more exposed to the solution compared with the positively charged nitrogen atoms (which act as a point of attachment to the nanopore surface).
A conceptually different approach to control transport properties has enabled Smirnov et al. to construct light-activated ''burst'' valves. 380, 381 These researchers used mixed monolayers comprising spiropyran and hydrophobic molecules to functionalise nanoporous alumina membranes. In the ''off'' (SP) state, no transport through the membranes was observed simply because water did not wet the strongly hydrophobic, narrow (B20 nm) nanopores. Exposure to UV light, however, generated MC and triggered the admission of water to the nanopores and the consequent flow. However, capillary forces prevented the dewetting of the nanopores upon subsequent MC -SP re-isomerisation -therefore, these ''burst'' valves could be opened, but not resealed using light. 380 Other porous materials which have been functionalised with spiropyran include zeolite L 382 and mesoporous silica. [383] [384] [385] The latter material has enabled ''on-demand'' release of encapsulated dyes upon exposure to UV light. 385 
Photocontrol of binding to surfaces
As discussed in Section 2.6, MC can bind different metal ions with varying strengths, and the distinctive optical properties of the resulting complexes are key to the development of sensing devices. The spiropyran-based systems are unique in their need to be pre-activated with UV light in order to bind metal cations, 386, 387 and particularly attractive in that once they have performed their sensing function, they can be ''reset'' using visible light, to be reused again later. These characteristics have led Diamond et al. to propose the concept of remotely activatable colorimetric sensors, 388 which are normally in their ''passive'' state, but can be ''turned on'' at will -when the measurement is required. 389 This ability to activate and deactivate sensors ''on demand'' can significantly increase their lifetime. In order to develop practical sensing devices, however, it is necessary to immobilise spiropyrans onto solid supports. Fig. 20A , for example, shows spiropyran-functionalised glass slides that, having been pre-activated with UV, were exposed to a series of divalent metal cations, giving rise to differently coloured complexes. Metal cations can then be released from the surfaces and recaptured over multiple cycles using visible and UV light, respectively. 390 Interestingly, capturing of metal ions on the surfaces of MC-decorated electrodes could be followed by electrochemical reduction -giving rise to the corresponding metallic NPs, as was shown for silver 391, 392 and cobalt. 393 Although the resulting metallic layers could not be released upon exposure to visible light, they readily redissolved upon electrooxidation. This method has enabled high-resolution patterning of electrode surfaces, with the smallest feature sizes on the order of only a few micrometers. 392, 393 On the other hand, immobilised MCH + groups can interact electrostatically and bind various negatively charged molecules. These interactions were explored for the construction of a lightactivated release system shown in Fig. 20B . 394 In this design, ''cargo'' (Fig. 20B, left) . The release of the probe could be triggered upon exposing the system to visible light, which generated the SP isomer and cancelled the attractive interactions between the surfaces and the dendritic ''plugs'' (Fig. 20B, right) . To increase the specificity of binding beyond electrostatic interactions, Willner et al. performed electropolymerisation of 4-thioaniline anchored to the surfaces of gold NPs co-functionalised with spiropyran, in the presence of a small-molecule template N,N 0 -bis(3-sulfatopropyl)-4,4 0 -bipyridinium. The affinity of the resulting NP ''sponges'' to the template molecule could be controlled using both optical and electrical stimuli. 395 Larger molecules can also be reversibly adsorbed onto surfaces -the same authors found that spiropyran bearing two NO 2 groups (dinitrospiropyran) can act as an antigen for the antidinitrophenol (anti-DNP) antibody (AB) when it exists in the closed -but not in the open -form (Fig. 20C) . Accordingly, gold surfaces functionalised with dinitrospiropyran monolayers could capture and release this specific AB, 396 and the reversibility of the process was confirmed by quartz crystal microbalance analysis (Fig. 20D ) 397 as well as by surface plasmon resonance (Fig. 20E ) 398 and impedance 399 spectroscopies.
The complexity of the species whose reversible adsorption onto spiropyran-decorated surfaces has been demonstrated ranges from metal ions through small molecules through proteins, all the way to living cells. Higuchi and co-workers investigated interactions between mesenchymal stem cells and glass plates coated with a PMMA-based copolymer comprising spiropyran as a function of UV light. 400 Irradiation with lowintensity UV light released B90% of the cells originally adhering to the surface, almost all of which remained alive. Control experiments with analogous surfaces lacking spiropyran confirmed that the release was indeed due to the generation of MC as opposed to the direct interaction of the cells with UV light. It is interesting to point out that the same trend was observed in experiments aimed at investigating interactions at a single molecule level; in a recent study, 401 AFM tips functionalised with fibronectin -a protein involved in mediating cell adhesionwere interfaced with spiropyran-decorated polymers, and the adhesion forces were measured under UV and visible irradiation. As expected, the adhesion force of the protein to the SP-rich surfaces was higher (by B50%) than to the MC-rich ones. Interestingly, surfaces exhibiting the opposite effect -that is, adhesion of cells to the UV-irradiated locations -have also been developed. This design is based on previous studies 402 which found that the adhesion of cells to the thermoresponsive PNIPAM is dramatically reduced upon dehydration of the polymer (that is, above the LCST). With the possibility to modulate the LCST of poly(NIPAM-SP) using light (compare Sections 2.1 and 2.3), Sumaru et al. employed this photoresponsive copolymer as the key component of ''photoresponsive cell culture surfaces'' (PRCS). [403] [404] [405] The behaviour of a PRCS is demonstrated in Fig. 20F , whereby the upper half of the sample was exposed to UV light. Subsequent washing at a lower temperature T, such that LCST poly(NIPAM-MC) o T o LCST poly(NIPAM-SP) , removed CHO-K1 cells selectively from the non-irradiated area. An important advantage of using light to promote/inhibit cell adhesion is that it enables patterning of surfaces with cells with high spatial precision. The activity of thus-generated AB-insulated SP-electrode was partially restored upon subsequent irradiation with UV -a process which regenerated a surface coated with the MC isomer, to which the anti-DNP AB did not bind. 406 Similarly, reversible passivation of electrodes with the same AB controlled the rate of oxidation of catechols to quinones. 407 Light-controlled electrode insulation could also be transduced into amplified amperometric responses. Here, the electrodes were reversibly protected from molecules acting as electrocatalysts for a model reaction. An example of this concept is provided by the same SP-functionalised electrodes interfaced with ferrocene-modified GOX. 397 Trace (i) in Fig. 21C indicates high electrocatalytic current resulting from the efficient GOX-catalysed oxidation of glucose enabled by an effective communication between the enzyme and the SP-coated electrode. Addition of the anti-DNP antibody blocked the access to the electrode and suppressed the catalytic process (Fig. 21C, trace (ii) ). When the AB was introduced to the same system having the electrode coated with the MC isomer, minute changes in the electrocatalytic current were seen (trace (iii) vs. (iv) in Fig. 21C ). Moreover, the process showed good reversibility -the current at 0.4 V oscillated between B0.5 mA and 5 mA upon treatment with UV and Vis light. Unfortunately, the UV-released AB remained adsorbed on the electrode surface following the SP -MC isomerisation, and had to be washed off in order for high electrocatalytic activity to be regained. 408 The second mode of regulating the properties of electrodes using light explores the so-called Frumkin effect 409 -that is, the dependence of electrochemical reaction kinetics on the surface charge of the electrodes. With their ability to switch surface charge upon exposure to light, spiropyran-decorated electrodes provide an ideal platform for studying the Frumkin effect. Pyrroloquinoline quinone (PQQ   3À   ) , for example, is a widely used redox probe bearing three negative charges at pH 7; as such, it is expected to exhibit attractive electrostatic interactions with MCH + -decorated electrodes, resulting in efficient interfacial electron transfer, 410 as manifested, for example, by the dashed and dotted lines in Fig. 21E . Electrochemical reduction of PQQ 3À is blocked, however, after exposing the electrode to visible light, as the resulting SP-coated electrode loses its ability to electrostatically interact with the probe (solid line in Fig. 21E ). 411 The electrochemical activity could be restored by thermal regeneration of the open-ring isomer. Interestingly, the positive surface charge of the MCH + -coated electrodes allowed for the selection of substrates from the solution based on their net charge. For example, electrooxidation was accomplished selectively on the negatively charged (3,4-dihydroxyphenyl)acetate in the presence of the positively charged protonated dopamine. 407 When functionalised with the SP isomer, however, the electrode did not discriminate between these two catechols.
Apart from charged redox-active substrates, the light-controlled Frumkin effect has also been demonstrated for charged (i) electron transfer mediators, (ii) cofactors, (iii) enzymes, and (iv) catalytic NPs. First, glucose oxidase (GOX) reconstituted on the electrode surface was used to catalyse oxidation of glucose to gluconic acid in the presence of a positively charged electron relay. 412 When the electrode was co-functionalised with MCH + moieties, the reaction was significantly slowed down on account of electrostatic repulsions between the electron transfer mediator and the like-charged surface. Isomerisation to SP increased the electrocatalytic current by over ten fold. 412 Second, PQQ covalently attached to the electrode surface acted as an electrocatalyst for the oxidation of nicotinamide adenine dinucleotide phosphate (NADPH). This reaction required the presence of the Ca 2+ ''cofactor'', whose complexation by PQQ could be regulated by the state of spiropyran co-adsorbed with PQQ as a mixed SAM. 319, 410 While the SP isomer did not affect the reaction kinetics, Ca 2+ was repelled from the MCH + -decorated monolayer and, as a consequence, the electrocatalysed oxidation was slowed down. Third, the same principle was used to control the interaction of the positively charged enzyme Cyt c with spiropyranfunctionalised electrodes. Under visible light, efficient electron transfer between the SP-coated electrode and Cyt c took place, enabling inter-protein electron transfer to cytochrome c oxidase (COX), which catalysed the oxygen reduction reaction (ORR). 413 The ORR was nearly completely shut down, however, upon isomerisation to the MCH + -electrode. The reversible reduction of Cyt c was also coupled to a bioelectrocatalysed reduction: here, the reduced Cyt c was used to activate lactate dehydrogenase towards the reduction of lactate to pyruvate. 414 The opposite effect -that is, attraction of a negatively charged protein to an MCH + -electrode -has also been described and is exemplified by UV light-accelerated glucose oxidation catalysed by the negatively charged GOX appended with a ferrocene relay unit. 415 Fourth, 20-30 nm platinum NPs have been employed as electrocatalysts for the reduction of H 2 O 2 (Fig. 21F) . Stabilised with the citrate anions, these NPs carried substantial negative charge, favouring their interaction with the positively charged MCH + -coated electrodes. Consequently, enhanced electrocatalytic current was observed under UV irradiation (Fig. 21F) . 416 
Photocontrol of other surface properties
Other creative implications of isomerisation of immobilised spiropyrans are being reported; Thomas et al., for example, investigated contact electrification between steel and spiropyran polymers. 417 In these experiments, steel spheres were rolled on spiropyran-functionalised surfaces, and the charges developing on the spheres were monitored. The most interesting result was found for a copolymer of spiropyran methacrylate and 4-fluorostyrene: while the spheres charged positively on poly(SP), the direction of charge transfer on poly(MC) was reversed. In an elegant experiment, the authors UV-irradiated a positively charged (+160 pC) sphere rolling on poly(SP) and observed a gradual decrease of charge down to À160 pC within 100 s of irradiation. Finally, some efforts have been devoted to the concept of aligning liquid crystal molecules using the underlying spiropyranfunctionalised surfaces; [418] [419] [420] however, experimental realisation of the concept has yet to be demonstrated. 421 
Conclusions and outlook
Reversible isomerisation of spiropyrans was first reported as early as 1952. 422 Six decades later, a resurgence of interest in this molecular switch has been prompted by advances in controlled polymerisation reactions and other synthetic methods, the everimproving capabilities of high-resolution imaging and spectroscopy techniques, and -most of all -an emerging focus on dynamic materials. This review has discussed a variety of dynamic materials resulting from covalent immobilisation of spiropyran onto the following types of organic and inorganic supports: polymer chains, biomacromolecules, inorganic nanoparticles, and solid surfaces. The resulting materials often have fascinating properties whereby the support affects the properties of the switch, and -more importantly -vice versa: spiropyran isomerisation can control the emission of quantum dots, folding of polypeptides, and the dimensions of polymeric micelles, among many other properties. Potential applications are well within reach and include reusable sensors, high-resolution imaging in biological samples and the detection and mapping of mechanical stresses. What more can we expect in the decade to come? The superb fatigue resistance of properly immobilised spiropyrans 127 can enable the realisation of information storage devices and holographic optical materials. 423, 424 In this context, the strong dependence of the isomerisation kinetics on the microenvironment is particularly attractive, as it can allow for tuning of the information storage time. 425 An ambitious challenge that has yet to be addressed is the reversible control of the remarkable physical properties of graphene by means of isomerisation of surface-immobilised spiropyrans. The development of such hybrid materials could take advantage of earlier studies [426] [427] [428] in which spiropyran was covalently attached to the surfaces of carbon nanotubes. Another direction is the development of materials which are responsive to multiple external stimuli in an orthogonal fashion. Here, the state-of-the-art is represented by a triblock copolymer designed to self-assemble in response to (i) light, (ii) pH, (iii) metal ions, and (iv) thermal treatment (''quadrupole responsiveness''). 162 But, arguably, the most room for creativity lies in the derivatisation of biological systems. Here, studies aimed at structural modification of the parent spiropyran to increase its stability in aqueous media are ongoing. 429 Of particular importance is the ability to place the spiropyran units at precise locations within the protein structures. In one elegant example, the chaperonin GroEL was equipped with spiropyran groups selectively at the portal regions; this functionalisation enabled self-assembly of individual GroEL units into one-dimensional supramolecular polymers. 430 Spiropyran has several important advantages over the structurally simpler azobenzene (whose applications in biological systems are also emerging 431, 432 
